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I. The Development of Arbitrary Functions. 
By Prot. Jounx Perry and Mr. H. F. Huyt.* 


StTuDENTS at the Finsbury Technical College have for some 
years carried out the Fourier development idea of the late 
Professor Clifford by practical Geometrical methods. The 
curve which graphically represents the function is supposed 
to be wrapped round a circular cylinder, and the areas of 
its projections upon two diametral planes enable the coefii- 
cients to be found. In ‘ The Electrician’ of June 28th, 1895, 
one of us gave detailed instructions for carrying out the 
process. We do not know of any method of development in a 
Fourier series which can compare with this in either rapidity 
or aceuracy. . 

In the discussion of Prof. Henrici’s paper, April 13th, 1894, 
one of us described a graphical method of developing any 
arbitrary function in a series of other normal forms than sines 
and cosines, such as Bessels or Zonal Spherical Harmonics. 
It consisted in wrapping the curve which represents the 
function round a specially shaped cylinder, not circular, and 
projecting it upon a certain plane. One of us has wasted 
many months in finding with great exactness a sufficient 
number of coordinates of the trace of the cylinder suitable 
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for a Zeroth Bessel development. The labour was unneces- 
sary because the coordinate most troublesome to calculate is 
not really needed: that is, the actual shape of the cylinder is 
not needed, and indeed it is better to put aside altogether the ~ 
idea of a curve being wrapped round a cylinder. 

To develop any arbitrary function of « (let us call it y) in 
normal forms, the real difficulty consists in finding the value 


of an integral such as it y-Q(2) «da, where Q(z) is some tabu- 


lated function. If now z is another tabulated function which 
is the integral of Q(x) the required integral is Sy dz. 

Suppose the values of y for 25 equidistant values of x to be 
‘known, from «=0 to =a (that is, a is divided into 24 equal 
parts). Let the corresponding values of z be also tabulated, 
and let a curve be drawn with the values of y as ordinates 
and the values of z as abscissze ; the area between this curve 
and the axis of z gives the value of the integral required. 

To illustrate the method we shall show how it is applied 
in a well-known kind of problem. An arbitrary function 
y=f(r) of r from r=0 to r=a is to be developed in Zeroth 
Bessels ; that is, we must determine the constants A, Ag, 
&ec., in 


Sr) =A (Hr) + AgJ o(Mer) + &e. + Aso (usr) + &e., (1) 


where #44, M2, &c., are the successive roots of 


Jo (wa) =O. 28s eo 1 eee ee 
Now it is well known that 


A= arma |, */ SoC BCL rec Gs 
or, letting wsr=., (3) becomes 
eros a ee hea rs 
(Tea Pw? es 
Je. Jo(w) .da=x.Jy(2), 
which is easily found for any value of «. 


To evaluate the integral in (4), take the 25 equidieiatt 
values of our function from 0 to a and.use them as the ordi- 


nates of points in a curve. The values of the corresponding 


Now 
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abscissz are obtained in the following way. The values of 
fa &e. are the successive roots of Jo(wa) =0, and are 


fya= 2°40483 Take 25 equidistant values of x be- 

H2a= 5°52008 | ginning with 0 and ending with the value 

#3a= 8°653873 | psa: the corresponding values of 2J,(z) 

/4a=11°79153 | are the abscissee of points in the curve 
and so on. required to find As. 


The area of the curve is easily obtained by means of the 
planimeter. Having found the 25 abscissee once for all, they 
may be used for the development of any arbitrary function of 
r of which 25 equidistant values are given. We now publish 
four tables giving these abscissee, which we have carefully 
calculated for the first four terms of any such development. 

In the column headed P we give the number of the point 
in the curve of which xJ,(x) is the abscissa, there being 25 
such points altogether. In Table I. the point 24 corresponds 


TABLeE I, Tasxe II. 

1 x. J,(2). 125 x .J\(«). 
0 0:0000 0 0:0000 
1 “0050 1 + ‘0267 
2 0200 2 “1010 
3 0450 3 "2242 
4 -0787 4 “3800 
5 1216 5 ‘5578 
6 ‘1727 6 *7458 
7 2312 7 9191 
8 2962 8 1:0706 
9 3667 9 1:1825 

10 ‘4416 10 1:2417 

11 5197 1l 1:2160 

12 “5999 12 11141 

13 "6807 13 9418 

14 7609 14 7052 

15 8392 15 ‘4132 

16 9142 16 + ‘0791 

17 9345 17 — 2801 

18 1:0490 18 6455 

19 1:1062 19 ‘9963 

20 1°1552 20 1:3118 

21 11949 21 1:5723 

22 1:2242 22 1:7605 

23 1:2423 23 1:8626 

24 1:2485 24 1:8783 

10A 1/2485 
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TasxeE III. TABLE LV. 
Pp x J,(2). P £. J,(2). 
0:0000 0 0:0000 
1 + ‘0640 1 zl 
2 "9434 2 4268 
3 +5036 3 *8168 
4 “7921 4 1:1373 
5 "9485 5 1/2468 
6 1:2135 6 1:0555 
7 1:2395 7 + ‘5601 
8 1:0986 8 — 1542 
9 *8366 9 9246 
10 + °8353 10 1:5554 
ll — ‘2107 isl 1:8658 
12 "7807 12 17443 
13 1:2957 13 1°1825 
14 1:6788 14 — ‘2851 
15 1:8667 15 + °7485 
16 1:8195 16 1:6705 
17 1:5279 Wy 92544 
18 1:0163 18 93065 
19 — ‘3817 19 1°8114 
20 + 4154 20 + 8497 
21 11561 21 — *8674 
22 1:7807 22 15548 
23 2°2002 23 274214 
24 2°3490 24 2°7410 
6A +1'2485 4A +1:2485 
15A — 18783 10 A —1:8783 
17A +2°'3490 


to 7=2°40483. In Table II. the point named 24 corresponds 
to #=5'52008, and so on. 

In Table II. an additional abscissa is given corresponding 
to some unknown point between numbers 10 and 11; this is 
the extreme abscissa of the curve, and the corresponding 
ordinate would be a tangent to the curve. In Table III. 
there are two additional or bounding abscisse and in Table [V. 
there are three of them. 

As an example we have taken a function which has the 
value 1 at the centre of a circle and the value 0 at the 
circumference, and which at any place is a linear function of 
the radius. The outer radius a of the circle is 1. 

In fig. 1 the function is shown graphically by the straight 
line MDD, and the numbered points in this line correspond to 
25 equidistant ordinates. In our actual drawing, of which 


fig. 1 is a reduction, the scale is such that one unit of value 
of the function corresponds to 10 inches. 
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Fig. 1. 


0345678 9 0 tH w2 13 «114 15 16 '7 18 19 2021 24 


Fig. 2. 
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The distances from 0 to any number in the axis of abscissee 
ON represented in inches ten times the corresponding values 
of aJ,(@) of Table I. Projecting vertically from any point 
in ON, and horizontally from the corresponding point in DD 
we obtained points in the curve MBB. We use inches 
because British planimeters usually measure areas in square 
inches. We found the area OMBBNO to be 61:17 square 
inches, and as both coordinates were magnified ten times, the 
value of the integral in (4) or 


2°40483 
{ w f(x) Jo(#) .de=0°6117, Z 
0 


and hence by (4), as J,(2°40483) =0°519, 


2x 0°6117 
(0°519)?(2°405)? 

To find A,. The 25 equidistant ordinates of the original 
curve (straight line) are the ordinates of points in the curve 
MBLBBP (fig. 2), the abscissee being taken from Table II. 
We found it convenient to multiply the abscissee by 5 and 
represent in inches. Our ordinates were multiplied by 10 and 
represented in inches. The actual area was 2°36 square 
inches and one-fiftieth of this, or 0°0472, is the value of the 
integral in (4). 

Hence, as J, (5°5201) =°3408, 

2 x 0°0472 
As= (0-8403)? x (552012 — 70268. 


We need not show the curves used in finding A; and Ay. 
The area of fig. 2 is the positive area MLNOM minus the 
area LQPNL, but one need not think about whether an area 
is positive or negative. It is only necessary to start the 
planimeter-tracer from the point numbered 0 in every case, 
and go from 0 to M and along the curve in the direction of 
the increasing numbers to 24, then along the axes of abscisse, 
ending at the point 0 from which we started. 


A= =0°7852. 


Discussion. 
Prof. Hmnrict said the method was a new departure, 
since in the place of an instrument of complicated design, 
the authors only used a planimeter and pencil and paper, 
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and obtained the same degree of accuracy. The fact that 
the series employed to test the method consisted of a finite 
number of terms seemed to him an objection. Prof. Karl 
Pearson had, in a recent conversation, informed him of a 
method for the development of functions which he (Prof. 
Pearson) had recently discovered. This method was not, 
however, so simple, at least in most cases, as that of the 
authors. 

Prof. Mixcury thought it would add to the intelligibility 
of the paper if it were stated that the method was similar 
to that employed when expanding in terms of a Fourier 
series or in spherical harmonics. In these cases you have 
a function which, when multiplied by other functions of 
different orders, kills all the terms except one. | Graphic 
methods ought, in his opinion, to be very much oftener 
employed, and he considered that there was no problem in 
physical mathematics of which the solution could not be 
obtained by graphic methods. He would like to know if 
Prof. Perry had obtained a graphic method of calculating 
Bessels. 

Mr. Trorrer agreed with Prof. Minchin as to the neglect 
of graphic methods. He regretted that Prof. Perry did not 
continue to consider the method as the projection from a 
cylinder, as he had found the method of wrapping curves 
round a cylinder most useful. 

Prof. Perry, in his reply, said he had adopted the ex- 
pansion they had employed under the impression that the 
test was a particularly severe one. He had not discovered 
a graphic method of calculating Bessels. The reason they 
gave up the cylinder was the immense labour involved in 
calculating the y co-ordinates of the trace, which would 
afterwards be of no use in the development of the function. 
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Il. The Radial Cursor: a new addition to the Slide-Rule. 
By F. W: Lancuester*. 


Tue slide-rule in its ordinary form is chiefly useful in 
working simple problems involving multiplication and division, 
also involution and evolution where the indices occurring 
are integers. When an expression involves fractional indices 
its solution is only possible, on a slide-rule of ordinary con- 
struction, by employing the scale of logarithms on the back 
of the slide in the same manner as a table of logarithms, 
when the process becomes so clumsy as to practically destroy 
its utility. 

The object of the present improvement is to enable the 
operator to solve problems of the latter class with the same 
ease and degree of accuracy as that only previously attainable 
in connexion with the simpler cases. 

In thermodynamic problems such as arise in dealing theo- 
retically with gas- and other heat-engines, the need of soine 
method of computation more rapid than that of ordinary 
arithmetic involving many references to tables becomes 
evident, and it was in connexion with work of this description 
that the author was led to devise the instrument which is the 
subject of the present paper. 

Tn the case of the isothermal curve of a perfect gas, the 
ordinary slide-rule is all that can be required, for the curve is 
represented by the simple expression 


pv = constant. 


’ For the sake of brevity let us name the scales in a rule of — 
the ordinary “ Gravet ” type thus 


A 
B 


C 
D 


* Read October 25, 1895, 
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ido) 


becoming when the slide is inverted, _ 


A 
0 
a 
D 


Then with the slide in the inverted position the corre- 
sponding pressures and volumes of an isothermal can be read 
off directly on the scales A and gq. 

In the case of an adiabatic curve, however, we have an 
expression of the form 


pv’ = const., 


where v has a value 1°4 more or less according to the physical 
properties of the gas or mixture of gases we are dealing with. 
In order to deal with an expression of this form, it is neces- 
sary to provide some ready means of dividing the scales A 
and g proportionately to the value of y which corresponds to 
the division and multiplication of the respective logarithms 
of the quantities dealt with, in the proportion of the indices 
of p and », that is 1 :¥. 

This proportionate division of the scales is effected in the 
new Cursor by a radial index-arm, indicated in fig. 1 by 
lines f and g: this is arranged to swing about a stud which 
is itself carried on a sliding bar running in guides at right 
angles to the rule. All readings are taken at the points of 
intersection of the line with the edges of the slide. In the 
actual instrument the radial arm is made of a transparent 
slip of celluloid on which is scratched a straight line true to 
the centre of the stud-hole.. The back view shows (fig. 2) 
the transverse bar graduated to give the indices to which 
it is desired to work. In fig. 2 this transverse bar is shown 
set to 1°408, the y of a perfect gas. 

A few words may be added with regard to the method of 
graduation of the transverse bar. Referring to fig. 3, in 
which MN is the width of the slide, and O is the centre of 


10 


) 
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the radial arm stud-hole, for any index y, we have 


_MK_MN+NO_ MN... 
PN = BoNOe ~ NO 


where OK is any position of the index line, or 


no SN. 
y—1l 
Fig. 3. 


The following examples will serve as an illustration of the 
class of calculation for which the instrument is designed. 


1. To determine the maximum pressure of an adiabatic 
compression. 

Set the slide on back of cursor to 1°408 (y). Suppose, for 
example, that the initial pressure be 15 lbs. per square inch, 
and that 100 vols. be compressed to 26 vols. 

Invert slide. Set index line of cursor to 15 on A, then set 
1 (100) on g to index line of cursor. Now set index line to 
26 on g and read on scale A the corresponding pressure 
=100 lbs. absolute, 85 above atmosphere (figs. 1 and 2). 

2. The work done in any adiabatic compression can easily 
be calculated from the above by the following formula :— 


if 
Ns ee gi piv; 


where W = work done in ft.-lbs., V = final vol. of the gas 
(after compression) in units of 12 cub. in. (to harmonize with 
ft.-Ibs. and pressure in pounds per square inch), and p, = differ- 
ence of pressure between adiabatic and isothermal maximum 
pressure for the given ratio of compression (fig. 4). 
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Fig, 4. 
ae 
= Et pV. 


Work done 
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3. The temperature of an adiabatic at any point can be 
determined from either pressure or volume by using suitable 


indices for 
1 


v.TY-! = constant ; 
also 
rv 
p.T!-7 = constant. 

In determining temperatures from volumes or vice versd it 
is only necessary to proceed as before (1). In dealing, how- 
ever, with pressures and temperatures the index is negative 
(where y is > unity), the interpretation of this being that an 
increase of pressure is accompanied by an increase in the 
temperature. The slide therefore does not require to be 
reversed as in pv and vT calculations ; but with a rule of the 
Gravet type, owing to the scales © and D being the square 
roots of A and B, it is ae to use a fictitious index 


obtained by dividing = ata the logarithmic ratio of the 


scales, giving 5 2 would also be quite possible to 


i) 
graduate one edge of the index slide with fictitious values to 
compensate for the ratio of the scale-readings. 

4, In the process described in (1) we have the means of 
plotting a series of adiabatics or isentropics, and each position 
of the radial cursor on the rule gives in its readings on the 
index line a corresponding isentropic, and a movement of the 
cursor to the left corresponds to a gain in entropy and vice 
versd, and it can be shown that equal increments of linear 
movement of the cursor correspond to equal increments of 
entropy. In other words, the scale of inches or centimetres 
on the edge of the rule may be regarded as a scale of entropy 
in arbitrary units. 

5. The following is a very good example of the use of the 
radial cursor in practice. 

The theoretical efficiency of an Otto cycle gas-engine is 
independent of the working temperatures and is given by the 


: ey tae , i 
expression 1—(2) , where », is the total effective volume 


of the cylinder and compression-space, and v, = volume of 
compression-space alone. 
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Fig. 5. 


Efficiency of Otto Cycle Gas Engine = 1— ( 
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Taking y= 1-408, y—1='408. This is beyond the range 
of the instrument, so we will employ = =2°45. 


Let us suppose that in the case we are dealing with 
vy 
comes out at ‘32 (an actual example, see ‘The Engineer,’ 


April 6th, 1894). 
Set ili index slide to 2°45 and place cursor accurately 
opposite middle 1 on scale A (use one of end lines on 


slide to centre with), and set index line to ‘32 (2) on scale 
A (over to the left, fig. 5). ve 

Now using one of the end lines on slide read on scale A 
opposite to intersection of index line on scale D, but read 
backwards from the centre 1. This will be found to give °37, 
or the theoretical efficiency of an Otto engine having ratio of 
expansion °32 is +27. 


6. To determine w in such an expression as 
(= 3. 


Here «x will be a fractional index, and we shall first find %, 

Set cursor to 1 in centre of scale A. 

Set index line to 7 on scale A, and keeping it there move 
slide of cursor till index line intersects scale D opposite 
figure 3 on scale A (use end line of slide). 

Now read result on index-scale 


= 1:76, 


Fogle e 


= T76 — 568. 


Discussion. 


Mr. C. V. Boys said that owing to the kindness of the 
author he had been able to try the cursor and had found 
it of great service in dealing with questions of adiabatic 
expansion. The new addition to the slide-rule suffers under 
the same disadvantage as the rule itself, namely, that a 
verbal or written description seems so very much more 
complex than is the actual operation when using the rule. 
The author’s device might be described as an indiarubber 
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slide-rule, for it performed the function of a slide-rule, in 
which the graduations of the slide were made on indiarubber, 
so that: the ratio of the length of the scale on the rule to 
the length of the scale on the slide might be altered at will, 
and thus involution and evolution with fractional indices 
performed. . 

Prof. 8. P. Taompson and Mr. Trorrer expressed their 
admiration for the author’s method of “stretching” the 
scale. 

Mr. Borstaut said he had attempted to apply a similar 
method to the Fuller rule, but did not succeed, since in this 
rule there was only one scale. He hoped the author’s method 
could be applied in a form such that a greater accuracy than 
1 in 300 could be obtained. 

Mr. Bourne thought the fact that the point of intersection 
of two lines inclined at an acute angle had to be read was 
likely to limit the accuracy. 


LI. The Latent Heat of Evaporation of Benzene. By E. 
H. Grirriras, M.A., F.R.S., Sidney Sussex College, Cam- 
bridge, and Miss Dororny Marsa, B.Sc., University 
College, London*. 


1, THE method of experiment and the nature of the apparatus 
employed have been fully described in previously published 
papers, Although it appears somewhat presumptuous to 
assume, on the part of the reader, a knowledge of such com- 
munications, it would on the other hand seem redundant 
to devote many pages to the mere repetition of what has 
already appeared in print. We therefore propose to give 
an explanatory statement of the theory and methods em- 
ployed, but to omit all detailed description of the apparatus. 
Full references to former communications will be. given when 


necessary, so that all particulars can be ascertained by any 
who desire them. 


* Read November 8, 1895. 
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As reference has frequently to be made to the following 
papers (by E. H. Griffiths) they are, for convenience, denoted 
as follows :— 


Paper J. “The Mechanical Hauivalone of Heat;” Phil. 
Trans. vol. clxxxiv. 1893, A, pp. 361-504. 

Paper A. “The Influence of Temperature upon the. Spe- 
cific Heat of Aniline,” Phil. Mag. Jan. 1895. 

Paper W. “The Latent Heat of Evaporation of Water,” 
Phil. Trans. vol. clxxxvi. 1895, A, pp. 261--341.- — 


2. Description of the Method. 


Tn order to render our account of these experiments in- 
telligible, we find it necessary to give the following somewhat 
lengthy extract from Paper W, pp. 270-273 :— 

“The method adopted was of such a nature that the results 
would not be appreciably affected by 


(1) errors in thermometry ; 

(2) changes in the specific heat of water ; 
(3) the capacity for heat of the calorimeter ; 
(4) loss or gain of heat by radiation, &c. ; 


and if these points are borne in mind, they may serve to 
explain some of the contrivances which might otherwise 
appear uncalled for. 

“Tf the vessel in which the evaporation is taking place is 
kept at a constant temperature, we are independent of the 
capacity for heat of it and its contents ; we also dispense 
with the measurements of changes of temperature. Thus, if 
matters be so arranged that the loss and gain of heat through- 
out an experiment are balanced, many fruitful causes of 
error are avoided. Of course, the actual temperature of the 
calorimeter during evaporation must be determined, but a 
small error here is of little consequence. The change in the 
value of L is small as compared with the changes in @. In 
fact, an accuracy of an order of 5 of a degree would be 
sufficient when determining the abil blovation: 

“The heat was supplied to the calorimeter by means of. a_ 
‘wire whose ends were kept at a constant potential-difference. 


VOL. XIV. Cc 


18 MR. E. H. GRIFFITHS AND MISS MARSHALL ON THE 


The thermal balance could be maintained in one of two ways:— 

(1) If the heat-supply was too great, the. electric current 

could be temporarily stopped, or, the rate of evapo- 

ration of the water increased. (The latter was the 
method generally adopted.) 

(2) If the cooling was too rapid, the only mode of main- 
taining the balance was (in the apparatus about to be 
described) to reduce the rate of evaporation. 

“The liquid to be evaporated was contained in a small 
silver flask, connected with which was a spiral coil of silver 
tubing 18 feet in length. Both flask and spiral were within 
the calorimeter, and the water-vapour, after passing through 
the spiral, emerged from the apparatus at the temperature 
of the calorimeter. Surrounding the flask, and between it 
and the spiral, a coil of platinum-silver wire was arranged, 
and flask, spiral, and coil were entirely immersed in a certain 
singularly limpid oil consisting of hydrocarbons only. 

“The calorimeter (which was filled to the roof with the oil, 
and the equality of temperature maintained by rapid stirring) 
was suspended by glass tubes within a steel chamber, whose 
walls were maintained at a constant temperature. So long, 
therefore, as the calorimeter and the surrounding walls were 
at equal temperatures, there was no loss or gain by radiation, 
&e. If during an experiment the temperature of the sur- 
rounding walls changed, the method of experiment involved 
a corresponding change in the temperature of the calorimeter, 
and, therefore, some loss or gain of heat would be experienced. 
The apparatus was so designed that any such change in tem- 
perature was extremely small (in no case amounting to ;1,°), 
yet, in order to estimate the loss or gain, it was necessary to 
know approximately the capacity for heat of the calorimeter 
and contents. nd 

“Small differences between the temperature of the calori- 
meter and the surrounding walls would, during an experi- 
ment, be of no consequence provided that the oscillations 
were of such a nature that the mean temperature of the 
calorimeter was that of the surrounding space, and it will be 
_found that this condition was fulfilled. ? 
__ “Tn addition to the heat supplied by the electric current, 
there is also a supply due to the work done by the stirrer, 
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and it was in the estimation of this ‘stirring supply’ that 
the greatest difficulties were ca haat Fortunately the 
heat thus generated was only about +4, of the heat supplied 
by the current, and thus any small error in that portion. of 
the work onic: of little account. 

“Of the accuracy with which the electrical supply could 
be measured there is no question ; and even if the value of 
the H.M.F. of the Clark cells, or the absolute resistance of 
the box-coils given by the standardizations performed during 
the determinations of J, is in any way inaccurate, such 
errors would now eliminate, since the value of J was deter- 
mined by means of the same standards as those by which the 
quantity of heat developed in these experiments was deter- 
mined. Hence, by assuming the value of J obtained by the 
use of these standards, we get the comparison in terms of a 
thermal unit at 15° C., independently of the numerical value 
assumed in the reductions. 

“One further correction remains to be noticed. The tem- 
perature of the calorimeter has been referred to as oscillating 
about the exterior temperature, and it might happen that at 
the close of an experiment this difference was not the same as 
that at the commencement—if any such difference existed. 
The magnitude of this correction depended, of course, on the 
ability of the observer to maintain the thermal balance. In 
these experiments the correction was usually small, and in 
any case could be determined with great accuracy. 

‘“‘Having indicated the nature of the observations, we 
proceed to state the relation between the various sources of 
loss or gain of heat. 

“Let Q, be the thermal units per neoud due to the electrical 

supply ; 

Q, be the thermal units per second due to the mecha- 
nical supply ; 

Xq be the total heat-supply. during an 1 experiment 
from any other causes. 

“Then, if M be the mass of water evaporated, L the latent 
heat of evaporation at temperature @, and if the electrical 
supply is maintained for a time ¢,, of the mechanical for a 
time ¢,, a 
PRG. : +Q.+29 + oe (1) 

10 3 
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“Now the D.P. at the ends of the coil was always some 
integral multiple of the D.P. of a Clark cell. ; 

“Tet e be the D.P. of a Clark cell, n the number of cells, 
and R, the resistance of the coil at the temperature 4, then 

en 

“Tf the calorimeter at the commencement and end of an 
experiment was at exactly the same temperature as the sur- 
rounding walls, then, if their temperature was unchanged, 
the term &q would vanish ; but although this term through- 
‘out these experiments was of small dimensions, it could not 
be entirely ignored. 
~ “Tuet 65! and 6) be the temperature of the surrounding walls 
at the beginning and end of an experiment; suppose the 
calorimeter temperature (0,) to exceed the surrounding tem- 
perature by d’ at the commencement and d” at the end of an 
experiment. Then fall in temperature of calorimeter 


= (0) +d’) ie (0) 4-4”). 


Hence the heat given out by the calorimeter in consequence 
of this fall in temperature is 


Cy {(0' +d’) — (Oo +d”), 


where C, is the capacity for heat of calorimeter and contents 
at the temperature 0). 

“Tf we neglect any small loss by radiation, &., due to the 
differences d’ and d’’ between the temperature of the calori- 
meter and the surrounding walls, we may conclude that the 
whole of the heat thus evolved by the calorimeter was ex- 
pended in the evaporation of water, hence 
| Xq=C,,{(0/—60") + (d'—a")}*,. 8) 
Hence 

en? x t 
ML= ae Ta +Q°x t+ Cy, { (00! —9,"”) +(d’—d')}. Gy 


* This apparently clumsy method of representing the quantity of heat 
evolved or taken up by the calorimeter was adopted because, as the 
method of experiment involved separate determinations of 6,', 6,"", d', and 


d', the actual temperature of the calorimeter at any time could only be 
obtained in this manner. E 
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3. The following table shows the comparative mean values 
of the terms in equation (4) resulting from our experiments 
on benzene *. . 


| TABLE I, 
No. of Cells. Qnte. Qsts- =g. 
5 1 ‘008 +005 
1 ‘O11 +:009 
3 1 015 +001 


We found that the thermal balance was most easily main- 
tained when the potential-difference was that of 4 cells, there- 
fore the majority of our experiments were performed with 
that potential-difference, the experiments with 5 and 3 cells 
being used as a check upon the results. To secure an accu- 
racy of (say) 1 in 1000 in the total heat-supply, the above 
table shows that it was necessary to measure 


Q,¢, to (say) 1 part in 2000, 
Q.ts P) f ” 15, 
2g ” ES, ove ALOes 


but as the sign of the last term was in some experiments 
positive, in others negative, the above degree of accuracy was 
not essential, since, when taking the mean of a number of 
observations, the effect of any error in &q would be greatly 
diminished. We believe that the above order of accuracy 
was exceeded. in the measurement of the respective terms. 
In the case of the experiments with 3 cells at 20° an order of 
accuracy of 1 in 50 would be required in the value of Q.¢, to 
secure the same standard ; hence we do not regard our deter- 
minations at that temperature as possessing an equal authority 
with those at higher temperatures. 


* (Experiments Preliminary, XIX. a, XXXV., and XXXVI. were not 
included when calculating this table, as they are in several respects 
exceptional,) Ralion! 
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4, The Method of maintaining the Space surrounding the 
Calorimeter at a Constant Temperature 0. ; 


A full description of the somewhat elaborate apparatus 
designed for this purpose will be found on pp. 374-378 of 
Paper J, and some improvements which were subsequently 
added are described on pp. 274-276 of Paper W. ° This 
portion of the apparatus did not, for some unknown reason, 
appear to be working with the same perfection this year as it 
did in the summer of 1894. Oscillations in ) (the external 
temperature), amounting to 7}5° C., were on several occasions 
observed, the greatest change during the whole series being 
‘0145°. This, however, was exceptional and, as an inspection 
of our final tables will show, the change in the course of an 
experiment (?. ¢e.in about half an hour) was usually only 
about a few thousandths of a degree at temperatures varying 
from 20° to 50° C.; the constancy of 4 was therefore sufficient 
for our purpose. 

Had it been possible, we should have preferred to determine 
@ by means of a platinum-thermometer, as we could thus 
have detected smaller changes ; but a third observer would, 
in that case, have been required, and circumstances did not 
permit of this addition™*. 

The mercury-thermometers used for indicating the tem- 
perature of the steel chamber in which the calorimeter was 
suspended were graduated in millimetres, and had been care- 
fully calibrated and compared with two Tonnelot thermo- 
meters standardized at the Bureau International +. The 
stems of these thermometers (where they projected above the 
tank-lid) were surrounded by glass tubes up which a stream 
of tank-water was forced by means of a pump driven by a 
water-motor : thus the stem-temperature was always that (or 
nearly that) of the tank, and the readings were not affected 
by changes of temperature in the room. The actual value of 
@) was of small consequence, an accuracy of ;° ©. being 


* We believe that such irregularities as present themselves in our 
final results are partly due to the employment of mercury-thermometers 
for the determination of the changes in 6). 

i ibe “The Measure ment of Temperature,” Science Progress, Sept 
1894. 
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sufficient ; but it was necessary to read changes of temperature 
during an experiment to nearly 0°-001 C., and this we believe 
we were able to do. A full description of the various pre- 
cautions taken will be found in Paper A, pp. 55 and 56, and 
Paper W, pp. 275, 276. 

The observations were taken by means of a reading-tele- 
scope fitted with a micrometer-eyepiece, which directly divided 
1 millim. on the thermometer-stem into 10 parts: thus 0-1 of 
a millimetre could be directly read, and ‘01 could be estimated. 
There is no doubt that the actual readings could be taken to 
025 millim., that is about 0°°001 C. 

Thermometer A had a range of 16° to 26°C., and about 
27 millim. were equivalent to 1° C. 

Thermometer II. had a range of 28° to 53° C., and about 
20 millim. were equivalent to’1° C. 

All temperatures, both when obtained from these and from 
the platinum-thermometers, are throughout this Paper ex- 
pressed in terms of the nitrogen-scale. 


5. The Calorimeter and its Conneaions. 


A full description will be found on pp. 276-281 of Paper W, 
and drawings and sections on plates 5, 6 of the same paper. 
The brief account given in the description of the method 
supra is sufficient to indicate the nature of the arrangements 
to those who are not familiar with that paper. 

The differences of temperature between the calorimeter and 
surrounding walls were determined by means of differential 
platinum-thermometers. A description of the method of 
standardization and observation of those thermometers is 
given on pp. 52-56 of Paper A, and some further details on 
pp. 285-290 of Paper W. Experimental evidence is there 
adduced in support of the following statement :—“ It follows 
that differences of temperature could be determined to 0004°, 
and differences of *0001° could be detected.” 

The following Table shows the difference in temperature 
corresponding to a difference of 1 mean millim. of the bridge- 
wire whose opposite ends were connected with the thermo- 
meters :— 
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TABLE II. 
eS 2 SS ee 


A@ for difference of 


Temp 1 mean millim. bridge-wire. 
28 6-009046 
30 0:009073 
40 0:009101 
50 0:009128 


By experiments repeated this summer we found that no 
change had taken place in the value of the mean bridge-wire 
millimetre. A slight change (particulars of which are given 
in a subsequent section) had, however, occurred in the position 
of the null-point, #. e. in the reading on the bridge-wire when 
the temperature of the two thermometers was identical. 


6. Brief Description of: the Method of obtaining the Value of 
the Terms in the Expression 


Total heat = Q,t2+Q,t,+ 2g. 


The ends of the platinum-silver coil (immersed in the oil 
surrounding the evaporating-flask and spiral) were kept at a 
constant potential-difference by means of the arrangements 
described in Paper J, pp. 382-388. This potential-difference 
was always some integral multiple (n) of the potential-differ- 
ence of a Clark cell (e). During the spring of this year the 
Clark cells used were again compared with the Cavendish 
standard (R,), which has shown no signs of change since its 
standardization by Lord Rayleigh in 1883 and by Messrs. 
Glazebrook and Skinner in 1891. 

The mean value of the whole set of 30 cells differs from Ri 
by 0:00004 volt only ; and although individual cells show 
larger discrepancies than in previous years, their mean 
potential-difference at 15° C. may be taken as 1:4342 volts 
(see Paper W, p. 297). A number of these cells were always 
placed in parallel arc: thus when n is given as 4, we were 
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really using 12 cells as four files of 3 each. The arrangement 
for keeping the temperature of these cells at nearly 15° C. has 
been described in Paper J, p.3885. “During the period covered 
by our experiments, some of the days were extremely hot, and 
the tap-water became so warm that when turned on by the 
regulator it was unable to keep down the temperature sufti- 
ciently. The extreme range in the temperature of the cell-tank 
during these experiments was from 14°°8 to 16°3 C. As, how- 
ever, the movement was always extremely slow, it is probable 
that the tank-temperature closely corresponded to the effective 
temperature of the cells, and hence the correction 


e = 1°4342{1+ (15—8) x 00077} 


applied by us gave the value of e with sufficient accuracy. 

The time tg was determined: by means of a chronograph 
controlled by an electric clock, whose gaining rate is now less 
than 1 in 20,000. Any movement of the keys by which the 
current was switched on to the calorimeter-coil was auto- 
matically recorded on the tape ; and thus personal errors were 
eliminated. The times could have been read to 7), of a 
second, but it was considered unnecessary to read to nearer 
than 4), 7.e. about 1 in 7000 of tz. 

The value of R, is expressed in terms of the “ true ohm ” as 
given by the B.A. standards, with which (by kind permission 
of Mr. Glazebrook) the coils used by us have been directly 
compared (Paper J, pp. 407-410). 

~The increase in R, due to the rise of temperature caused by 
the current was determined in the manner described in Paper J, 
pp. 404-407 (see also Paper W, p. 296). 

The value of J assumed by us was 4°199 (Paper W, p. 314). 
We would emphasize the fact to which attention has been 
previously directed (section 2, p. 8), namely, that even if, in 
consequence of errors in the standards &c., this value of J is 
incorrect, it is still the right value to use for the reduction of 
these observations, for, provided that no change has taken place 
during the past three years in the standards used (and direct 
comparisons show no signs of any change which would affect 
the results), the values of L obtained by us are independent of 
the numerical values of J and R when expressed in terms of 
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the same units as those assumed during the determination of 
the mechanical equivalent. 
The value of Qzutz is thus expressed in terms of a “thermal 
unit at 15° 0.” 
ha Qgtes 


The method adopted for finding Q, (the thermal units per 
second due to the work done by stirring) has been fully 
described in Paper W, pp. 290-293. It was there shown that 
the value of Q, varied approximately as 7* (where 7 was the 
rate of revolution of the stirrer), and that this relation was 
‘sufficiently close for the reduction of experiments in which the 
value of r was somewhere between 5 and 6 per second. 

The value of Q, was found to increase rapidly as @, (the 
temperature of the calorimeter) diminished. Our recent re- 
determinations of Q, have explained a discrepancy which caused 
an uncertainty in the former determination of Qs at 20° and 
50°, and we now find that it was due to an arithmetical error 
in the reduction of the observations. Fortunately, the resulting 
correction in no way affects the conclusions arrived at in 
Paper W ; and our present investigation confirms the accuracy 
of the experimental determinations of Qs obtained in 1894. 
As the extreme differences between any of our determinations 
of Q, at temperatures above 20° (after the arithmetical correc- 
tions at the 20° and 50° points) do not exceed 1 part in 70, 
even if we include the values found in 1894, and as the mean 
probable error at any temperature is much below 1 in 100, it 
is obvious that the values of Q, have been ascertained with 
more than sufficient precision. 


8. Sq = Co, {(Ool — Oo") + (d'—allt) }. 


We have previously indicated (sect. 4, p. 6) the manner 
in which 6,! and 6," (the initial and final temperature of the 
walls of the surrounding chamber) were determined by the 
direct observation of mercury-thermometers. The value of d 
(the difference between @, and @, 7. ¢. the calorimeter-tempe- 
rature and that of the surrounding walls) was ascertained by 
the differential platinum-thermometers previously referred to, 
and was always small—rarely greater than ‘01°C. It was 
usually determined by the reading of the galvanometer-swings 
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without altering the position of the contact-maker on the 
bridge-wire. 

When evaporating water, the wales of d were so small that 
an approximate value of the swing (in terms of a length of the 
bridge-wire) was sufficient. During these benzene experi- 
ments, however, we found it impossible to maintain the 
thermal balance ith such perfection. The only values of d 
which were of consequence were d! and d! (the initial and : 
final values), and, especially in the earlier experiments, the 
internal oe cans (@,) rose so rapidly as soon as the last 
drop of benzene had evaporated, that it was found impossible 
to switch off the electric current from the calorimeter-coil at 
the precise moment necessary to reduce d! to negligible dimen- 
sions. As a consequence, the final swings (which were read 
by means of a micrometer-eyepiece) were often considerable, 
and therefore it was necessary to determine their value on each 
occasion; for, although throughout a series of experiments at 
the same temperature the value varied but little, the changes 
were sufficient to affect the resulting value of Xq in exceptional 
cases. In the earlier experiments, especially from Preliminary 
to No. VII., when the difficulty of the final adjustment had 
not been fully realized, the values of d" were unduly large, 
and their equivalent degree-measurements are therefore some- 
what doubtful, owing to insufficient determinations of the value 
of the galvanometer-swings. We feel sure, however, that from 
No. VII. onwards any errors due to this cause must be very 
small—certainly not so great as 1 in 50 ; for the value of a 
swing of 100 (in terms of a millim. of the bridge-wire) would, 
throughout a group of experiments at the same temperature, 
vary (for example) from 1°31 to 1°34 millim.* This change in 
value would produce no appreciable effect on Xq when the 
difference between the initial and final swings did not exceed 
50 or 60, as was the case in most of our later, and better, 
experiments. 

The value of Cy, (capacity for heat of calorimeter and 
contents) remains the same as last year with the exception 
that 0°1 grm. of the oil was removed at the commencement of 
July when withdrawing the platinum thermometer for purposes 


* 1 millim. of the bridge-wire indicated a temperature-difference of 
about 0°-009 C, 
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of re-standardization. As the value of Oo, varied with 0, from 
304 to 823, this loss was negligible. 

The quantity Sq represents the heat absorbed by the calori- 
meter and contents, and it should be remembered that it is 
by the measurement of a similar quantity that the majority of 
the determinations of thermal constants have been made by 
previous observers. We were, however, anxious to diminish 
the importance of this term as much as possible, for we wished 
our values of L to be independent of any thermometric errors. 
As shown by Table II., the average value of 2g was only about 
zby of the total heat-supply. In the experiments in which 
the value of Sq is less than 1 (of which there are many 
examples), we may say that our final results are independent 
of such errors, for, as pointed out in Paper W, the value of 
Q,; is independent of temperature measurements, since it 
depends on the ratio of the rate of rise due to the mechanical 
supply to the rate of rise due to an electrical together with a 
mechanical supply (Paper W, p. 331). 

The values of Co, at 20° and 50° used in this Paper differ 
somewhat from those given in Paper W. This difference is 
due to the error, previously referred to, in the value of Qs at 
those temperatures. Thus 


the value of Co, at 20° is reduced from 807°5 to 305-2, 
and re ae 0 etna haat a 323°1 to 322°0. 


This, however, in no way affects the values of L in Paper W, 
nor, except in the case of two experiments (viz., Preliminary 
and XIX. a., infra), would it, if left uncorrected, have affected 
the values of L as given in this communication. 

We believe that the values of Sq are correct to better than 
Lin 100; and Table I. (p. 21) shows that an accuracy of 1 in 
10 would have been sufficient. 


9. Measurement of Mass. 


The actual measurement of the mass of benzene evaporated 
presented several difficulties which were not encountered when 
working with water. A tube resembling a weight-thermo- 
meter was filled with benzene, placed in an air-tight case just 
large enough to contain it, and then weighed against a pre- 
cisely similar case used as a tare. The weight-thermometer 
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(termed by us a “dropper ”’) narrowed at its open extremity 
to a capillary tube, which was doubled back on itself for rather 
over 1 cm., and again bent near the open end, so that the last 
1 or 2mm. were horizontal. These droppers varied in capacity 
from about 4 to 63 c.c., and were filled in the following 
manner :—The dropper (point uppermost) was lowered by a 
fine wire to the bottom of a tube about 44 ft. long, of which 
the lower 10 inches or so were filled with benzene, while the 
upper 3 ft. were surrounded by a “ condenser-tube ” through 
which tap-water was continually passing. The lower end, 
containing the benzene, was transferred at regular intervals 
from a vessel of water at about 86°C. to a vessel of cold 
water ; thus the benzene was alternately boiled and cooled 
without any escape of vapour into the room, Five or six such 
transferences were generally required to completely fill the 
dropper. The containing tube was then placed in a bath at 
about 65° C. until the temperature of the benzene was steady. 
The dropper was now removed and allowed to stand in the 
open air for some time, in order to get rid of any benzene 
adhering to its surface. Although simple and effective, these 
operations occupied a considerable time, and, as a rule, the 
whole of the morning had to be devoted to the filling of the 
droppers required for the experiments, which were usually 
performed at night. 

Before an experiment the dropper was lowered, by means of 

a thread passed through a platinum wire sealed into the closed 
- end, into the calorimeter, where it stood in a vertical position. 
In Paper W (p. 307) it was shown that, when filled with water, 
the evaporation through the capillary opening between the time 
of weighing and the commencement of an experiment might 
be neglected. In the case of benzene, however, it was found 
that, for several reasons, loss of this kind could not be dis- 
regarded :— 

(1) The vapour-pressure of benzene so greatly exceeds that 
of water at corresponding temperatures that the loss 
by diffusion through the capillary was appreciable. 

(2) The surface-tension of benzene is so great that the liquid 
crept up the sides of the capillary to the opening, and 
the consequent loss by evaporation was increased. 

(3) In order to supply the air necessary for starting the 
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boiling when the exterior pressure was removed, a 
capillary tube, closed at one end, had been sealed 
within each dropper. It was found that this answered 
very well during some preliminary trials, when the 
dropper was placed within a glass tube connected with 
an exhaust pump so that its manner of discharging 
could be watched ; but on a second filling with our 
purest sample (the first filling having thoroughly 
cleaned the interior surface of the droppers) no action 
took place even when the surrounding pressure was 
reduced to a few millimetres. In order, therefore, 
that the expulsion of the benzene from the dropper 
should commence as soon as the external pressure 
was reduced to the right amount, it was found 
necessary to leave a very considerable air-bubble 
within the tube. Precautions had to be taken to 
prevent the expulsion of the liquid by the alternate 
contraction and expansion of the air-bubble when the 
temperature was changed from that of the balance- 

case to that of the tank. 
These difficulties were surmounted in the following manner. 
During the process of filling, as above described, the 
droppers stood in a vertical position, with the doubled over 
and open end uppermost, and were never inverted after 
their removal from the filling-tube, at a temperature of about 
63° C., until their insertion into the calorimeter. The co- 
efficient of expansion of benzene is very large, and, on cooling 
to the room-temperature, the whole of the upper bend together 
with a couple of centimetres of the neck between it and the 
body of the dropper was found to be free from benzene. 
The dropper was then placed in its case and left in a vertical 
position in the balance-case for, as a rule, some hours, when 
the small air-space in the enclosing-case no doubt became 
saturated with the vapour and thus further evaporation ceased. 
After being weighed, the dropper and case were lowered 
into a large tube placed within the tank and left until they 
acquired the tank temperature @); they were then rapidly 
withdrawn and for the first time inverted—the air-bubble 
rising to the closed end. The case was opened for a‘ moment 
and the dropper at once lowered into place by means of the 
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previously attached thread : this operation only occupied a 
couple of seconds. As the dropper left the case the latter 
was instantly closed by a second operator to prevent the 
escape of any benzene vapour left within it. Thus from the 
time of inversion no change took place in the temperature, 
and therefore in the volume of the air-bubble; also no 
appreciable change in the temperature of the calorimeter (0,) 
was caused by the introduction of the dropper and contents. 
However, the mere act of opening the tube leading down to 
the calorimeter caused a slight lowering of 0,, and in order to 
re-establish the equality between 0, and 0) before commencing 
an experiment, it was necessary to switch on, for a second or 
two, the current from the exterior coil in the tank to the 
calorimeter coil. When the observer at the differential- 
thermometer galvanometer announced that 6,—0, was small 
and steady, the time for commencing the experiment had 
arrived. 


10. In our later experiments, when we had become more 
expert at the various operations, the time from the insertion 
of the dropper to the commencement of an experiment was 
from 3 to 5 minutes. In our earlier observations at 30° the 
time was, however, much longer—from about 8 to 15 minutes. 
During this interval there was generally apparent a slight 
lowering of @,, which made us fear that the evaporation 
through the capillary was appreciable, and it was not until 
our tenth experiment that a means of meeting this difficulty 
suggested itself. It was evidently necessary to wait until 0, 
became steady before commencing an experiment, and it was 
difficult to see how to shorten the time required to establish 
this condition. 

From Experiment X. onwards the procedure was as follows. 
A glass rod whose upper end passed through a cork fitting 
the opening of the entrance-tube was lowered into the 
calorimeter. Round the lower three inches of this rod was 
strapped (by fine platinum wire) a thin roll of cotton-wool of 
which the upper two inches were saturated with benzene 
while the lower end was left dry, so that there was no danger 
of drops of benzene falling from itinto the silver evaporating- 


flask. 
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The rod was withdrawn occasionally and more benzene 
added if the upper portion of the roll had become dry. Obser- 
vation of the galvanometer showed when the cooling effect 
caused by the evaporation had ceased, and we were thus able 
to determine when the flask and connecting tubes were 
saturated. The rod was not finally withdrawn until the 
dropper was introduced : thus the space being saturated, no 
further evaporation took place; and we believe that from 
Experiment X. onwards any error arising from evaporation 
in the time preceding the experiment may be disregarded. 

After we had completed our experiments, we made some 
observations with the object of ascertaining the probable 
magnitude of the error in Experiments I. to VII. due to 
evaporation when the flask had not been previously saturated. 
A dropper was placed within the evaporating flask for 20 
minutes and kept at a temperature of 380°C. It was then 
withdrawn, and the loss determined. As might have been 
expected, it varied slightly according to the droppers used, 
probably owing to the different sizes of the capillary opening. 


In 20 minutes, dropper IL. lost 10 milligrams, 
MS pen 
bP) 2? ” TV a) 13 oY 


After Experiment VII. we adopted the plan of noting the 
time from the insertion of the dropper to the commencement 
of the experiment, but unfortunately we had not previously 
done so. We consider that the average time in these 
experiments must have been from 10 to 15 minutes ; the loss 
during this time would therefore appear to have been about 
6 milligrams, or rather more than ;+;. Thus the values of L 
resulting from Hxperiments I. to VII. are probably too low by 
about 0:12. Fortunately we have six independent experi- 
ments at 30°C. (Nos. XXIX. to XXXIV.) in which this 
cause of error was absent. 

We have entered into this matter fully, as it shows the 
importance of extreme attention to details in work of this 
kind, and also it was necessary to explain why we practically 
neglected Experiments I. to VII. when drawing our final 
conclusions. The same cause of error would slightly affect 
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Experiments VIII. and IX. at 40°C. At this time, however, 
we were attempting to minimize the evil by allowing as short 
a time as possible to elapse between the introduction of the 
dropper and the commencement of an experiment. We have 
also a note of the time, which in both cases was less than 
4 minutes. The loss during this interval would probably not 
have affected the resulting values of L by more than ‘05, and 
we therefore do not consider it necessary to reject these 
experiments. 

At the close of an experiment, when observation of the 
galvanometer showed that all evaporation had ceased, the 
dropper was extracted by means of a bent wire, immediately 
placed i in its case, and weighed oat after standing some hours 
in the balance-case. 

Let m, and m, be the weights of the case and eppes 
before and after an experiment; the temperature of the 
balance-case was usually about 20° C., the specific gravity 
of benzene at that temperature may be taken as 0°88, hence 
M (true mass corrected to vacuo) 


= M,— mM, + (my—mM,) x *0012. 


11. Before commencing the experiments it was necessary 
to ascertain if any alteration had taken place in the values 
of the various constants and variables since their determination 
in 1894, 

Thermometers IJ. and A were re-standardized and it was 
found that a “zero-point rise” had taken place, as is customary 
with mercury thermometers. 

Thermometer No. II. had risen 0°-4 mm.=0°:02 C. since 
its standardization in August 1894. 

Thermometer A had risen 1'4 mm.=0°06 (nearly) since 
its standardization in July 1893, which is about the normal 
rise of thermometers of this description. 

The platinum thermometer (AB) was removed from the 
calorimeter, strapped to its corresponding thermometer (CD), 
and placed in the tank whose temperature was raised from 
18° C. to 40° C. Observations at different temperatures 
showed a rise of 0°45 mm. in the null-point whose position is 
now given by the formula 598°8+°03@ in place of 598°35 + 

VOL. XIV. Be, 
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‘030. If, however, this change, which probably took place 
in the arms of the bridge rather than in the thermometers *, 
had not been detected the resulting error would have been 
negligible, for a difference of *45 mm. in the setting of the 
null-point is equivalent (at 40°) to a temperature difference 
of about °0041° C., and the total loss or gain by radiation, &c., 
corresponding to this difference between @, and @ would not 
exceed 0:2 thermal gram per half-hour, whereas the actual 
duration of the majority of these experiments was about 18 
minutes. 

The corrected formula was, however, used throughout these 
experiments for the adjustment of the contact-maker. 


12. Value of R,. 


The values of R, were redetermined at temperatures 30°, 
40°, and 50°. The corrected results showed falls of -0012, 
0012, and ‘0016 respectively from the values of 1894. These 
quantities have, therefore, to be subtracted from the values 
given in Paper W, table viii., but the correction is only 
1 in 10,000 of R,. 

The following table gives the values of R, used during the 
reductions of the observations on benzene. 

(The suffix to R denotes the potential-difference in terms 
of a Clark cell.) 


Tas.e ILI, 

Temp. Rye. Rye. Rye. 
30 10-327 10°329 10333 
30 10°351 10353 10:357 
40 10-374 10°377 10381 
50 10-399 10-401 10°406 


OR per 1° C.=-0024. 
The re-standardization of the Clark cells has already been 
referred to (section 6, p. 24). 


; ig [Note by E. H. G., August 12, 1895.—I have found by re-standard- 
izing the bridge-arms, that the above supposition was correct. ] 
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No alteration in the values of Q, at 30° and 40° C. appears 
to have taken place. 

The values of Qs at 50° and 20° as given in Paper W, 
pp. 332, 833, appeared to have undergone alteration, and we 
therefore made a careful redetermination at those temperatures. 
The method adopted was that described on p. 292, Paper W, 
viz., the rate of rise in temperature at null-point was deter- 
mined 
(1) when the heat-supply was that due to the stirring only 


=(5') , and 
(2) when the heat-supply was that due to the stirring and a 
potential-difference of 3 Clark cells 


ah 
=( dt os. 


dO, 
: dt /, 
Hence (@) -(@ ~(%) ie rian nee) 
dt / 35 dt Js 

gives the ratio of the heat supplied by the stirring to the 
heat-supply when the potential-difference was that of 3 Clark 
cells ; and as the latter can be calculated if R, is known, the 
value of Q, can be obtained without any assumptions as to 
the thermometric scale, the capacity for heat of the calori- 
meter, &c. 

The individual experiments were in close agreement with 
each other and give the following results :-— 


At 50°, (3) ='14533 expressed in mm. of bridge-wire 
3e8 


dt where rate of stirring =5°380, 
ee) —-001155, at rate 5°380. 


Hence Q, (at rate 5380) =:003404 ; 


é 837°8 
but (see Paper W, p. 330) oO, =a constant = 3704) 


D2 
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hence Q, ='003206 at rate 5°300. 
A second determination gave 


Q, ='003202 at rate 5°300. 
A third gave 


Qs="003205 at rate 5°300. 
We therefore assume 
Q, ='00321 + (r,'—789) x 0000041, 
as sufficiently accurate. 


At 20°, ( 7) =+15941 at rate 5°590, 


3es 


(@) ='00427 at same rate. 

Hence Qs (at rate 5°590)=:01174 ; 
a s a const 
(ange met Lae 
hence Q,='00949 at rate 5°300. 


A second determination gave ‘00951 at rate 5°300, 
A third aA », - 200991) ,,) 53. ors00: 


In this last experiment, however, there is internal evidence 
of some error in the time over the second interval. If we omit 
this interval and calculate the value of Qs from the remaining 
intervals of that experiment, we get ‘00961 as tlie value. 

It is evident that ‘00950 is a sufficiently close approxi- 
mation. 

We therefore assume 


Qs =:00950 + (7 —789) x -0000120. 


Our experiments at 30° and 40° show that the values of 
Qs at those temperatures as given in Paper W are correct. 
The errors at 20° and 50° as given in that paper were due to 
an arithmetical mistake, a difference having S522 added, 
instead of subtracted, in each case. 

The following Table gives the expressions by which the 
value of Q, can be Shianed at any of the temperatures or 
rates given in succeeding Tables :— 
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Tanz IV. 
Temp. Value of Qs (in thermal grms.). | 
fo} 
50 "00321 + (7,4—789) x -0000041 
40 ‘00466 + (r,4—789) x 0000059 
30 ‘00665 + (7,4 —'789) x 0000084 
20 *00950+-(7,4—789) x 0000120 


These changes in Q, probably indicate the changes in the 
viscosity of the oil. 


14. Alterations in the Apparatus. 


No alterations have been made except in exterior portions 
of the apparatus. 

When working with water in 1894 there were, in the tubes 
leading to the air-pumps, one or two rubber joints which are 
now replaced by glass ones. 

To prevent condensation, the benzene vapour after issuing 
from the tank passed over a row of small gas-jets and then 
down into a small Wolff’s bottle, connected with the mano- 
meter and containing pumice-stone and sulphuric acid. It 
then passed through another tap * into alarge globe (capacity 
about 35 litres) also containing pumice-stone and sulphuric 
acid. By means of a water-pump the pressure in this globe 
was reduced to that of the aqueous vapour at the temperature 
of the tap-water. Its capacity was so great that the pressure 
in the Wolff’s bottle could, at any time, be brought below 
that required, at experiments above 20°, by simply opening 
the tap communicating with the globe. Thus the water- 
pump had not to be used during an experiment, and, 
consequently, the two motors worked with greater regularity. 
The Wolff’s bottle was also in direct communication with a 
Geissler’s mercury-pump, by means of which, when working 
at the lower temperatures, the pressure was greatly reduced 
near the close of an experiment in order to secure the boiling- 
off of the last drop of benzene. We found that the mercury- 


* The grease on the core of taps traversed by benzene was replaced by 
phosphoric acid. 
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pump had to be kept in constant use during the experiments 
at 20°. With the exception of the above alterations and 
additions, the apparatus is the same in every respect as that 
figured in Plates 4, 5, and 6 of Paper W. 


15. On the Purity of the Benzene. 


The benzene, which was a sample of that used by Professor 
Ramsay and Miss Marshall for their comparative experiments, 
was supplied by Messrs. Kahlbaum of Berlin and guaranteed 
free from thiophene. It was redistilled twice from phosphoric 
anhydride, until it showed a perfectly constant boiling- 
point. 


16. Description of an Experiment. 


The dropper was placed in position (as described in section 9) 
and the contact-maker was then set, by means of a magnifying- 
glass, to the null-point corresponding to the tank temperature 
A. 

When the observer (Observer II.) at the thermometer- 
galvanometer (G_,) announced that 6, had become steady, 
three observations of the galvanometer-swing were - taken, 
and the chronograph-key, being pressed at the second of 
those swings, recorded the time from which ¢t, was estimated. 
At the same moment Observer I. recorded the reading of 
thermometer II., which when reduced to the nitrogen scale 
gave the value of 6)’,—the initial tank temperature. 

As a rule the initial swings were somewhere between 0 and 
+50 (a swing of +50 would correspond to about +-006° C.), 
and, for reasons which will appear later, we preferred to 
have this initial swing (which gave the value of d*) positive. 

The Wolff’s bottle (condenser A) had previously been 
exhausted down to the pressure of the large globe (condenser 
B) already referred to, but the tap between the two condensers 
had been closed. A tap (immersed in the tank-water) between 
the silver flask and condenser A was then opened, and the 
air expanding into A caused a fallin the manometer attached 
to it. The tap connecting condensers A and B. was then 
gradually opened, and the pressure in the flask fell until 
some benzene was expelled from the dropper. The instant 
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this occurred the calorimeter temperature 6; commenced to 
fall, and Observer I. was acquainted with this fact by 
Observer II. who, throughout the whole experiment, was 
engaged in calling aloud the galvanometer-swings which 
resulted from the inversion of the battery connexions in the 
differential-thermometer circuit by means of a swinging key. 
The storage-cell current, which had been running for some 
time through a platinum-silver coil immersed in oil in the 
outer tank, was then switched on to the calorimeter-coil, the 
action recording itself on the chronograph-tape, and the 
potential balance then adjusted by means of the apparatus 
described in Paper J, p. 283. This balance had previously 
been approximately obtained while the current was running 
through the tank-coil ; thus only a small additional adjust- 
ment was required and, as the temperature of the calorimeter- 
wire remained constant, the electrical balance required little 
attention, for the potential-difference rarely altered by as much 
as 00,000 throughout an experiment. As the benzene 
vapour passed into condenser A the pressure in the flask 
increased, and thus the loss of heat by evaporation diminished. 
By a rapid movement of the tap between condensers A and B, 
the pressure could again be diminished and the cooling effect 
increased. 

It was found impossible to control the rate of evaporation 
with the same perfection when using benzene as was the 
case in the experiments with water. The taps had to be 
constantly manipulated, and a moment’s inattention on the 
part of Observer I. was immediately followed by a sudden 
rise or fall in 6,. This was more especially the case during 
the experiments at low temperatures. From about experi- 
ment V. or VJ. onwards, however, the swings rarely amounted 
to as much as 200 or so, except during the first minute when 
the thermal balance was being obtained, at which time a 
swing of +400 or 500 was generally experienced. Through- 
out the whole of an experiment care was taken that any 
positive swing should be succeeded by a corresponding 
negative one. Although the announcement of swings of 
“< 4200” appeared alarming at the time, the extreme attention 
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devoted to the keeping down of these oscillations was really 
unnecessary. A swing of +200 indicated that 0) was lower 
than 0, (at 40°) by about 0°02 C., and the radiation de. 
coefficient of the calorimeter being about :00009 (in degrees 
per second per difference of 1°, Paper W, p. 289), this swing, 
even if maintained throughout the whole time that evaporation 
was proceeding (on an average less than about 7 minutes), 
would only have resulted in a total loss of about ‘00009 x 318 
x 0216 x 7 x 60='25 thermal gram *. In no case, however, 
was a swing of such magnitude allowed to remain unaltered 
for more than a few seconds. 

The chief difticulty was experienced near the close of an 
experiment. When working with water, there were always 
some indications that the end was near, for the pressure had to 
be diminished in order to maintain the thermal balance if only 
a drop or so remained, In the case of benzene, however, 
there were rarely any such indications ; for the galvanometer- 
swing might be announced as +8 or +10, and before the 
next announcement could be made it would be found that it 
had shot up to 300 or 400. After the preliminary experiment, 
it was of course possible to roughly estimate (knowing the 
weight of the dropper when filled) the probable duration of 
an experiment and, by adding it to the observed time of 
establishing the current, to predict approximately the time 
when evaporation would cease. Owing, however, to differences 
in the size of the air-bubbles necessarily left in the droppers, 
to the different rates of stirring, &c., and to errors in calcu- 
lations made while all the attention of the observers was 
needed elsewhere, the current was very often switched off too 
late, thus increasing the value of the correction Yg un- 
necessarily. If any mistake was made, the final value of 6, 
was in consequence higher than the initial one, for in those 
cases where the current was switched off too soon, it was 
always possible to bring @, up to its initial value by re-estab- 
lishing the current for a second or two; if, however, 6, was 
too high there was no means of diminishing it, all the benzene 
having been exhausted. Observer I, endeavoured, if possible, 


* About goon of the total “ heat-supply.” 
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to arrange so that the swing at the close of an experiment 
should be about —150, for the following reason. Evaporation 
having ceased and the current being switched off, the tap 
between the evaporating-flask and condenser A was closed, 
and a tap (also immersed in the tank-water) was slowly 
opened so that air (dried by having passed through sulphuric 
acid and phosphoric anhydride) was gradually admitted into 
the evaporating-flask through a 30 ft. copper coil immersed 
in the tank. Thus the air was at the temperature of the 
calorimeter. The heat liberated by its compression caused, 
however, a rise in 6, equivalent to a swing of about 120; thus 
no heat was, on the whole, gained by the calorimeter, for a 
corresponding loss had been experienced during the exhaustion. 
On this account we preferred to commence with a small 
positive swing, as it was not then necessary to reduce 0; so 
far at the close of an experiment to allow for this final 
increase. When Observer II. found that 0, had again 
become steady three final swings were taken, the chronograph- 
key being pressed at the middle one, thus giving the ter- 
mination of the time ¢, during which the stirring supply had 
to be estimated. Thermometer II. was read at the same time, 
and gave 6), the final tank temperature. Throughout the 
experiment, every thousand revolutions of the stirrer had 
been automatically recorded on the chronograph-tape. 

The method of removing and weighing the empty dropper 
has already been indicated. 


17, Remarks on the Experiments. 


We give particulars of all our experiments with two excep- 
tions. In No. XXI.a. the chronograph ceased to work during 
a critical portion of the experiment, and we were thus unable 
to determine tz. In XXIV.a.-Observer I. omitted to close the 
entrance tap to the evaporating-flask before connecting with 
the exhaust, thus the attempt to diminish the vacuum was a 
failure and the experiment was relinquished after a minute or 
so. In these two cases we at once performed other experi- 
ments to replace the failures, but retained the numbers for 
convenience of reference. 

We have, however, rejected, when drawing our final con- 
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clusions, several of the experiments whose details are given. 
Such experiments are marked by a fin the Tables. We 
have, in no case, rejected any experiment eacept as a conse- 
quence of some note made during that eaperiment ; that is, 
before reducing the observations we had already decided as 
to those which should be regarded as of little value. Thus 
we have in no way been guided by the results. For example, 
XXV. differs from the mean of its group by a greater 
quantity than either of the rejected experiments at that 
temperature: however, as we have no note against it, we 
are compelled to give it equal importance with any of the 
others. A simpler plan would have been to reject entirely 
the + experiments, but we think that a fairer idea of the 
general accuracy of the work is given by including all those 
that we completed. 

The reasons for the rejection of the + experiments are 
given (as they appeared in our original notes) at the end of 
each group. We have, however, in each case given the 
mean of all in a footnote, and it will be seen that (except at 
30°) our results would not have been appreciably affected by 
the inclusion of those rejected ones. 

As a rule, we found that the thermal balance was most 
easily maintained when the potentiul-difference was that of 
4 cells, but this supply of heat would have been somewhat too 
great at 20°, when we worked with 3 cells only. At all 
temperatures above 20° we performed experiments with 3, 4, 
and 5 cells, and we regard the agreement amongst the results 
as very satisfactory, and as establishing the validity of the 
various corrections. In thermal investigations it is as a rule 
difficult to alter all the conditions in so complete a manner as 
that caused by the changes above referred to. For example, 
if any “ priming” had taken place (the usual cause of inaccu- 
racy in determinations of the Latent Heat of Evaporation), 
its effect must have been greatly increased when the rate of 
evaporation was nearly trebled, which was the case when the 
potential-difference was altered from 3 to 5 cells. Again 
the importance of the different terms undergoes such changes 
that any constant error in the determinations of Qt, and Sg 
would cause the values of L when n=4 to lie between the 
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values when n=3 and n=5. An inspection of the Tables 
will show that no such effect is visible. 

We also varied the “ stirring supply” very considerably. 
The Tables show that (at the same temperature) the values of 
Q, have been changed from ‘00276 (Expt. XVII.) to -00427 
(Expt. XXIYV.). 


[Note by E. H. Grirritas.—My experience with apparatus 
of a similar nature to that used in these experiments has con- 
vinced me of the severity of the test above referred to. 
During my attempts at a determination of the mechanical 
equivalent during the years 1887-1891 the results invariably 
broke down when thus tested. The following quotation, refer- 
ring to the experiments anterior to 1892, is from p. 364, 
Paper J :— 

“The agreement amongst individual experiments taken 
under the same conditions, was, if anything, at times more 
marked than in the experiments of 1892 ; nevertheless, when 
the final reduction took place, fatal discrepancies invariably 
showed themselves. . . . Experiments conducted with a high 
electromotive force invariably gave too great a value for the 
time as compared with that obtained when a lower electro-— 
motive force was used.” 

It appears to me that it is this power of altering all the 
conditions which renders electrical methods of such great 
value when applied to thermal determinations. ] 


18. Explanation of the Tables. 


Tables lettered A give the experimental data; the deductions 
from those data are given in Tables lettered B. 

(We have arranged the experiments in order of temperature 
rather than historical order, as consecutive experiments were 
not always at the same temperatures.) 


TaBLEs A. 
Col. I. a and b give the number and date of the experi- 
ment. 
' Il. a and b give the number of Clark cells in series, 


and the number of the dropper used. 


Col. 


) 


” 


” 


VIII. 


IX. 
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. gives the mass of benzene evaporated, after cor- 


rection to vacuo (M). 


. The time during which the current was main- 


tained (¢, ). 


. The time from commencement to end of experi- 


ment “(t,), «7. ¢, the time during which the 
“ stirring supply ” has to be estimated. 


. The number of revolutions per second (7) of the 


stirrer. 


. The difference between the initial (@)’) and the 


final temperature (@)”) of the surrounding 
walls. 

Let 0,’ (initial calorimeter temperature) exceed 
6.' by d’, and let 6,” (final calorimeter tem- 
perature) exceed 6)” by d’ ; then this column 
gives the value of d’—d”. Hence 

£ (0! —8,!”) —(d’—d")} 
gives the difference between the initial and 
final temperature of the calorimeter. 

The capacity for heat of the calorimeter and its 
contents at the mean temperature of the tank 


(C,,). 


. The temperature of the Clark cells. 
. The value of R 


ney te @y the resistance of the 
calorimeter-coil at temperature 6,, when the 
potential-difference of its end is ne. (From 


Table IIT. p. 34.) 


19. Tasues B. 


(The numbers of the columns are similar to those in the 


corresponding tables of Paper W, where full particulars of 
the reductions are given.) 


Col. 


XV. 


ne)? xt 
The value of Qt = ES where ¢ is the 
potential-difference of 1 Clark cell, at the 
temperature given in Col. X. (supra). The 
values of R, will be found in Table III. p. 34, 
and, as previously explained, the value of 
J =4:199 (see section 6, p. 24). 
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Jol. XVI. The value of Q, deduced from Col. VI. by means 
of Table IV. p. 37. 


» XVII. The value of Q4,, the “stirring supply,” from 
Cols. V. and XIV. 

pew Lil SThe “term: 2¢= CEO — —(d!—d")} from 
Cols. VII. aviL be and en 

» %ILX. The sum of ann XV., XVII., and XVIIL., that 


is, the total thermal grams (>) required for the 
evaporation of M grms. of benzene. 


» XX. The mean tank temperature (9) of the experi- 
ment, expressed in the nitrogen scale. 


» X&XI. The value of L= 


ai 


Remarks on Experiments at 50°. 


Exp. XIX. a. “ Mistake in switching off current, did not 
do so till 6, had risen so far that d’’ could not be obtained by 
means of galvanometer-swing. Had to readjust contact on 
bridge at close of experiment. Decided to regard experi- 
mentas a failure and repeat it.” 

The experiment is included in the table to show that even 
the large resulting value of the term %q(—18°64) has but a 
small effect on the value of L, which differs from the mean at 
this temperature by less than 1 in 400. This value for 
L(98-90) should, however, certainly not influence our final 
conclusions. 

Exp. X XIII.—“ Mistake in connecting with vacuum, re- 
duced pressure far below right amount, hence could not 
obtain proper thermal balance throughout experiment.” 


Conclusion. 


When 0,=50:014, L=99-14. 
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Remarks on Experiments at 40° C. 


Exp. X1.—“ Reduced pressure far too much at commence- ~ 
ment, was unable to obtain thermal balance until near end of 
Beene 

Exp. VIII. & IX.—As pointed out (sotion 10, p. 33), the 

values of L are here probably in error by about 0°05. This, | 
however, does not seem sufficient reason for rejecting them. 


Conclusion. 


When @=40°045, L=100°71. 


Remarks on Experiments at 30° C, 


Preliminary Exp.—tThe oscillations in @, were very violent, 
as this was our first attempt at balancing when evaporating 
benzene ; also, as we had no idea when to finish, the value of 
Xq is very great. We have, however, inserted it to show how 
little such matters affect the result. 

Exp. U.-—“ After inserting the dropper, had to withdraw it 
again owing to its sticking in the tube; dropper exposed for 
some time.” ‘There is little doubt that, owing to the cooling 
when withdrawn, some air was sucked back, and hence there > 
must have been some expulsion on re-introduction. We 
regret that we continued the experiment: the result is 
useless. 


20. It will be noticed that the irregularities in this Table 
are greater than in preceding ones. These are due to two 
causes :—(1) The want of practice in the observers ; (2) The 

value of the galvanometer-swings were not determined with 
sufficient accuracy until after Wepomen VIL, and, as the . 
values of Sq are large, any error might affect L, Ry Prolab 
not by more than +0: 1. 

In Section 10, p. 82, we have given in full our reasons for 
considering that all these experiments (1. to VII.) are too low 
by about 0:12. The mean value of L given by them (omitting 
Preliminary and II.) is 102-14: thus it is probable that, had 
the flask been previously saturated with vapour, we shoul 
have obtained about 102°26, which is in fair agreement with 
the mean of the last six (102°30), where this cause of error 
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was non-existent. In any case, taking all the values as they 
stand in Col. X XI. (rejecting the + experiments), we get 
102°22, The number 102°30, however, is the most probable 
value. 

Conclusion. 


When 6,=380:066, L= 102-30. 


Remarks on Experiments at 20° C. 


Exp. XXXV.—This should be regarded as a preliminary 
experiment only. We had no idea of the pressure required to 
produce equilibrium, and had great difficulties in sufficiently 
reducing the pressure. “6, was extremely irregular; the 
galvanometer-swing was often off the scale for a considerable 
period.” 

Exp. XXX VI.—“ This was a very fair experiment ; the 
thermal balance well under control.”’ 

We regret that we were unable to perform more experiments 
at 20°C. It was found necessary, however, to work the 
mercury-pump almost continuously, and this could not be 
done without further assistance*. As such assistance was 
but rarely available, and as our time was drawing to a close, 
we were compelled to content ourselves with the above 
experiments. 


Conclusion. 


When @)=19°947, L=103°82. 


21. Discussion of the Reeults. 


The values of L over the range 20° to 50° appear to be 
practically a linear function of the temperature. 
If we assume 
L = 107-05—015810) Sea) 
we obtain a very close approximation to the experimental 


values, as shown by the following Table :— 


* We return our sincere thanks to Mr. C. T. Heycock, F.R.S., for his 
help during these experinients at 20°C, 
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TABLE IDS 


L (expressed in terms of a thermal unit 
Temperature. Nat Is© C."). 
Nitrogen-scale. 

By formula (a). Experimental results. 
50014 99°14 99°14+-0384 
40°045 100:72 100-71 +:057 
30:066 102°30 102:30+ ‘076 
19-947 103-90 103:82 


It is evident, therefore, that the curvature over the above 
temperature-range must be very slight. 

The value of L cannot continue to be a linear function of @ 
at very high temperatures, either in the case of benzene or 
water ; for the critical point of benzene would fall at about 
677° C., and that of water at about 990° C. It has, however, 
been shown that in the case of water the curvature from 0° to 
100° (that is, over a pressure-range of about 4 mm. to 760 mm.) 
may be neglected (Paper W, pp. 316-321) ; and the above 
Table would indicate that we cannot be far wrong in making 
a similar assumption with regard to benzene, especially when 
we consider that both the temperature-range (0° to 80°2 C.) 
and the pressure-range (26 mm. to 760 mm.) are in the latter 
case diminished. 

We originally intended to perform a group of experiments 
at 60°, which is about the highest temperature to which it is 
advisable to expose the apparatus; but before doing so it 
would have been necessary to standardize a third mercury- 
thermometer—a work which would have occupied at least a 
week of the short time at our disposal. 

Assuming formula («) to hold to 760 mm., and taking the 
boiling-point at that pressure as 80°20 C. (Ramsay and Young, 
Phil. Mag. 1887), we get 


When 0=80°2, L=94°37 (“thermal units at 15° C.”). 
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The results of the experimental work described in this 
paper may be summarized as follows :— 


The Latent Heat of Evaporation of Benzene over the temperature- 
range 20° to 50°C. (nitrogen-scale) is represented by the 
equation 

L=107'05 — 0°158 0, 


where L is expressed in terms of a “thermal unit at 15° C.” 


Assuming this expression to hold over the range 50° to 80°, 
the resulting value of L at 80°2C. (760 mm. pressure) is 
94°37, 


22. Historical. 


We have been unable to find records of any determinations 
in addition to the following :— 


Reenautt. Mémoires de lV Académie, 1862, vol. xxvi. 
Beall: L = 1090. 
R. Scuirr. Liebig’s Annalen, 1886, vol. cexxxiv. p. 338 : 
L = 93:4 at 80°35. 


K. Wirtz. Wiedemann’s Annalen, 1890, vol. xl. p. 488: 
Tyee 92'9 at 8081; 


JAHN. Zeitschrift fiir Physikalische Chemie, 1893, vol. xi. 
Rios L = 1076. 
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IV. A Method of Comparing directly the Heats of Evaporation 
of different Liquids at their Boiling-points. By Miss 
Dororay Marsuati, B.Sc., and Prof. W. Ramsay, Ph.D., 
LRS., University College, London *. 


1, Tue heat of evaporation of a liquid is usually determined 
by measuring with the aid of a calorimeter the amount of 
heat liberated during the condensation of a known mass of 
the vapour ; or conversely, by measuring the heat absorbed 
during the vaporization of a known mass of the liquid. The 
former method is the one more frequently adopted, e.g. by 
Berthelot and by Schiff. 

Apart from the direct experimental difficulties of the method 
(and these are by no means inconsiderable), it is open to the 
objection that it measures, not simply the heat set free during 
the passage of a given mass of the substance from the gaseous 
to the liquid condition, but the sum of this quantity of heat 
with that liberated during the cooling of the liquid from the 
temperature of its boiling-point to the final temperature of 
the calorimeter. It is therefore necessary to make a separate 
determination of the thermal capacity of the liquid between 
these temperatures. 

Whatever the cause may be, the fact remains that the data 


regarding heats of vaporization are very scanty. ‘The subject 


has been worked at by few observers, and the results obtained 
show very considerable discrepancies. Taking, for instance, 
the case of ethyl alcohol, the heat of vaporization of a gramme 
is given as 208 calories by Despretz, 227 by Brix, 202°4 by 
Andrews, and 208°9 by Favre and Silbermann. It is clear 
that no method can be Bs satisfactory that leads to such 
discordant results. 

z. Professor Ramsay suggested some time ago that it 
should be possible to compare directly the heats of evapora- 
tion of two liquids, by raising the temperature of each to its 
boiling-point (surrounding each vessel with a jacket of its 
own vapour), and then determining the loss of weight sus- 
tained by each vessel when a current of electricity was passed 


* Read November 8, 1895. 
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through a carbon filament immersed in the liquid. All other 
conditions being made the same for the two vessels, the ratio 
of their losses of weight should give the inverse ratio of the 
heats of evaporation of the liquids. This method of com- 
parison we have since been engaged in working out; and 
having once overcome the initial difficulties of apparatus dc., 
we have been able to obtain some very satisfactory results, 
and intend to apply the method to a number of other liquids 
that we have not yet had time to investigate. 

In such an arrangement as this there is no direct heat 
measurement, and therefore a fruitful source of error is elimi- 
nated. As the current passes, heat is developed in each 
carbon filament ; and this heat is entirely expended in con- 
verting a portion of the liquid into vapour. The thermal 
capacity of the liquid no longer needs to be known, since the 
experiment is conducted entirely at the temperature of its 
boiling-point. 

Each vessel is weighed at the temperature of the atmo- 
sphere at the beginning and end of the experiment ; and the 
loss of weight of the vessel during the experiment gives the 
amount of liquid vaporized. If the same current be passed 
for the same time through two filaments of equal resistance, 
equal amounts of heat will be developed: hence the ratio of 
the loss of weight of the first vessel to the loss of weight 
of the second is the inverse ratio of the heats of vaporization 
of the liquids employed. 

If the filaments have not equal resistances, the amounts of 
heat developed will be directly as the resistances. If the heat 
of evaporation of any one liquid be known, the absolute value 
of the heat of evaporation of any other liquid can be calcu- 
lated from the ratio directly found. 


3. [ Note, July 1895, by D. Marshall—aAt the time when 
this work was begun, the only liquid for which L was at all 
certainly known was water; but it was not considered ad- 
visable to compare directly with water in all the experiments: 
(i.) because the heat of evaporation of water is so very much 
greater than that of any other liquid ; (ii.) because it is so 
exceedingly difficult to get it sufficiently pure; and (iii.) 
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because the continued use of water seemed to make the 
apparatus more liable to break. 

Hthy] alcohol was in every way more suitable for a standard, 
and I therefore tried to make a particularly careful comparison 
between alcohol and water. But both in those first attempts, 
and again in several other attempts that I made later on, I 
had the greatest difficulty in getting even moderately con- 
cordant results ; and I have never, when working with water, 
been able to approach the degree of accuracy that I know 
from my other results I am peesiedi in expecting. 

Thus I was finally obliged to conclude that water is not a 

liquid to use in these experiments at all, much less is it fitted 
to form our ultimate standard. It eee necessary there- 
fore to find some other liquid for which L was accurately 
known ; and as we did not feel sufficient confidence in any 
-of the published values with which we were acquainted, 
Mr. H. H. Griffiths, F.R.S., kindly consented to make a 
determination of the Heat of Evaporation of Benzene by 
the same method that he used with such conspicuous success 
in the case of water. 

His experiments (in which I also took part) measured the 
heat of evaporation over the range 30° to 50° C.; and gave 
by extrapolation the value at 80° 2, the boiling-point. This 
number is therefore the one finally adopted by us in the 
calculation of our results; and we take this opportunity of 
recording our sincere thanks to Mr. Griffiths for furnishing 
us with such a trustworthy standard. 

It should be observed that this number finally obtained for 
the heat of evaporation of benzene at its boiling-point does 
not in any way affect our work regarded as a method of 
comparison ; but it does enter as the most important feature 
into the calculations by which we pass from our ratios to the 
absolute values of the heats of evaporation, and bring our 
results into line with those of other observers. | 


4, Description of the Apparatus. 
In the first experiments vessels were used closely resem- 
bling the ordinary incandescence-lamps, with carbon filaments; 
but a good deal of trouble was caused by the extreme aa 
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culty of making satisfactory connexions. After the prelimi- 
nary experiments, these lamps were therefore rejected in 
favour of others which had a spiral of fine platinum wire in 
place of the carbon filament: the ends of the spiral were 
attached to stout platinum terminals sealed into the glass ; 
the terminals were gilt and amalgamated, and thus a safe and 
good contact was secured. The upper part of each lamp was 
drawn out into a rather narrow open tube, through which the 
liquid could be introduced, and which could be securely closed 
to prevent loss during weighing. The lamp was set up in an 
‘ordinary vapour-jacketing arrangement provided with side- 
bulb and condenser. The jacket was closed at the bottom by 
an indiarubber cork, through which passed two U-tubes con- 
taining mercury ; the terminals of the lamp rested on the 
inner ends, into the outer ends dipped the wires carrying the 
current. The cork was protected by a layer of mercury so 
that it could not come into contact with the liquid.. Hach 
lamp was jacketed with the vapour of its own liquid, so that 
the temperature of its contents would be raised to the boiling- 


point without the possibility of ebullition taking place until 


the current was started ; the liquid then lost by boiling from 
the lamp was condensed in the jacket, and there was no loss 
of material. 

The two lamps were connected in series. 

In the earlier experiments the current used was that sup- 
plied at 110 volts to run two incandescence-lamps of 32-candle 


power (in parallel): it was further cut down to a convenient - 


strength by the introduction of an appropriate resistance. At 
first this resistance consisted of a solution of copper sulphate 
—therefore both indefinite and variable: in the later experi- 
ments a coil of wire of about 20-ohms resistance was substituted 
for the copper-sulphate solution. 

In performing an experiment, the liquid in the side-bulb 
of the jacket was first caused to boil; and the current was 
not started until the whole contents of the lamp were judged 
to have reached the temperature of the condensing vapour : 
if this were so, the liquid would pass into tranquil ebullition 
the moment the circuit was completed. It was generally 
found advisable to drop into the lamp a little glass capillary 


taal 
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tube to provide a starting-point for boiling, as most of the 
liquids showed a great tendency to become superheated and 
bump. A number of experiments were rejected for this 
reason. 


5. Preliminary Experiments. February 1894. 


In the experiments with carbon lamps, the resistance of 
each filament was determined by the Wheatstone-bridge 
method, using a post-office box of coils for bridge, at five 
different temperatures; and the results were plotted on 
squared paper. The observations for each lamp lie approxi- 
mately on a straight line, the resistance falling off uniformly 
as the temperature rises. 

The resistance of each filament at 0° and 180°, the decrease 
per degree, and the coefficient of change of resistance between 
0° and 180° were found from the curves. 


TaBLeE I. 

I. TE. III. 
iResistan count oueeencrsc nie rcseccsacnere: 42-5 ohms. | 43°17 42°60 
RESIShAnce AbWLSOS cservacyscverscacs ares 36°69 ,, 86°58 86:10 
Decrease per degree............2s0s0e08: 0-0823 0:0366 00361 
Coefficient of change of resistance...| 0-00076 0:00085 0:00085 


These experiments gave no satisfactory results. 


6. First Series of Experiments. March 1894. 


Two lamps were now made with spirals of fine platinum 
wire in place of carbon filaments. These platinums were each 
18 inches long, and coiled into spirals with all possible care 
to prevent neighbouring turns from touching and_ short- 
circuiting. The resistances of the platinums were determined 
by the Wheatstone-bridge method. The coefficient of increase 
of resistance of platinum with rise of temperature being 
(approximately) known, the resistance of each spiral for any 
given temperature could be calculated. It was assumed that 
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the temperature of the spiral was the same as that of the 
liquid boiling round it. 
A comparison of chlorobenzene and alcohol may serve for 


an exainple :— 


Weight evaporated. |Corrected Weights. 
Date. B. Biel Re Ratio 7 | Ly. 
2 
O,H,Cl. |C,H,OH. C,H,Cl. |\C,H,OH. 
March 15.) 746:3| 145830] 4°7975 | 4:89) 4-27] 14-5830] 55252 | 0364 |761 
April 20. | 763:0| 16°6645| 54195 | 4:87) 431]) 16-6645 | 61236 | 0:367 
Tasie II. 
Substance. Date. B. Ratio. L 

Alcohol referred to May 1 767 0°387 208°1 
WOE Sen cscuscone rie ce: 755 0388 

CS ia cresnscemssieckessternes Mar. 11 741-9 0-405 85:0 

A ceticVACIC ee. seusenes May 10 7544 0-475 98°6 
5 Adee ea rere ld 756'8 0-472 
3 Na dese eeectecsss eG (ORT 0-472 

there coseahdacece: ms ale 752°7 0°396 82:5 
PeNaadeptiocueslevaitciee » 930 7523 0°397 
BAe eet a Go tes HOCU ae June 4 7539 0:396 

Ethyl Acetate pee 754-4 0-409 85-1 
i ts SU a selSevieee aon) 7538 0-409 

Methyl Formate ..... es 7552 0514 106-7 
ap ree eaBooe crema 7541 0-511 

Methyl Butyrate ...... Bale 758°3 0°389 81-0 

* The other substances are referred to Alcohol. 
7. Second Series of Experiments. June 1894. 


Up to this time the resistance of the platinum spiral 
during the passage of the current had never been directly 
measured, but was calculated from the cold resistance and the 
coefficient of increase with rise of temperature, on the assump- 
tion that the temperature of the spiral was the same as that 
of the surrounding liquid. The truth of this assumption was 
now called in question, and it was found to be unjustifiable. 
The resistance of the spiral was directly measured, first when 
surrounded by a liquid at its boiling-point, then when the 
current was passed so that the liquid boiled. 
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The resistance was always found to be greater when the 
current was passing ; that is to say, the temperature of the 
spiral is always higher than that of the liquid boiling round 
it*. One does not exactly know what conditions govern the 
difference of temperature between spiral and liquid. The 
probability is that the ratio of the resistances when two liquids 
are compared will be altered, as well as the absolute values of 
the resistances themselves ; and this would tend to alter all 
the results hitherto obtained. 

It should also be observed that the coefficient of increase of 
resistance of platinum with rise of temperature is that given 
by Callendar (1°338; Phil. Trans. clxxxii. A, p. 136) for a par- 
ticular sample of wire employed by him ; but as this coefficient 
is found to be different for different samples of wire, the value 
adopted may very probably not hold for the particular wire 
here used. 

It was therefore necessary to determine directly the re- 
sistance of the platinum spirals in each experiment. The 
resistance of the wire during the passage of the current was 
now determined by Poggendorff’s method :—viz., comparison 
with the resistance of a standard wire carrying the same 
current. [For diagram of arrangements vide infra, p. 65.] 

The standard resistance was a piece of uninsulated german- 
silver wire, immersed in cold water to keep its temperature 
constant. 

Table ILI. shows the results obtained. 


TaB_eE III. 
ox WA : 
Substance. Date. Ratio L. I. 
2 
UIVER YS cocencancenencnnee July 2. 0391 
- Be ieee Oe ee OD 0390 209°74 
tee erccos ese enti 0391 
Chlorobenzene ......... xy lise 0°355 
aie eee Bee my diy 0:363 75:2 
vi Dy tierra ys wy 19. 0°358 
WEG OIs, Meesercacsecdedece: ry ed 0:398 83:5 
ee ee "13. 0398 
Ethyl Acetate ......... PU: 0°392 82:2 
he ree UN oc accra 23: 0:392 
Acetic Acid ............ » 24, 0°471 100:2 
x PUEa pe ret eo 0484 


* Griffiths, Phil. Trans. clxxxiv.A (1893), pp. 400-407. 
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8. Third Series of Haperiments. F ebruary 1895. 


In the early part of this year the apparatus was further 
modified with a view to increasing the accuracy of the re- 
sistance measurements. 

The readings of resistance had been found very troublesome 
and very uncertain. In many experiments it was almost 
impossible to obtain anything like a point of balance on the 
bridge-wire: it was useless to attempt to read to within 
1 centim. length of the wire ; and during any one experiment 
the points of balance did not remain steady at all, but seemed 
to shift indefinitely. This might be the consequence either 
of variations in the strength of the current in the main 
circuit, or of change in the resistance of the bridge-wire from 
unequal heating. [The bridge consisted of a coil of un- 
covered platinoid wire immersed in cold water and connected 
in series with a platinum wire stretched against a scale.] 
Probably both causes were working together. 

Two important changes were made :— 

(i.) The current in the primary or lamp-circuit was taken 
from 8 secondary cells, instead of being taken from the mains 
through a (probably) variable resistance. 

(ii.) A new bridge was made, consisting of four parallel 
german-silver wires of approximately equal resistance stretched 
against four metre-scales. 

The whole of the resistance in the secondary circuit now 
falls into the bridge itself ; whatever heating-effect there may 
be is distributed all along the bridge, and its effect is much 
lessened if not altogether removed. ‘The resistance of the 
bridge-wire does not need to be known, provided it is tolerably 
uniform ; because we are only concerned with comparative 
measurements, which are simply proportional to the lengths 
measured. 

For the same reason the standard wire of known resistance 
is really unnecessary, and was omitted in all the remaining 
experiments. 

It became evident at once—working in these improved 
conditions—that the whole method had been made very much 
more sensitive and accurate than before; hence it was of 
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S, S, are the platinum spirals of the lamps. 

iis Am eae m, are mercury-cups by which connexion is made with §, and §,,. 

B,, B, are the batteries supplying the current in the primary and secondary 
circuits respectively. 

C, D are the terminals of the fourfold potentiometer wire. 

A is a sliding contact, and has to be moved until the fall of potential on 
the bridge between C and A is equal to the fall of potential 
between m, and m,, or m, and m,. 

G is a simple reflecting-galvanometer. 


the utmost importance to repeat the fundamental com- 
parison between alcohol and water from which all the other 
results were calculated. These experiments are entered in 
Table IV. 

It was at this point that we gave up the idea of taking 
water for our standard, and looked round for some other 
liquid to use in its place. It is quite clear, from the numbers 
obtained, that there is something in the water itself that 
interferes with the experiments. Probably there is some 
electrolysis during the passage of the current along the un- 


insulated wire ; it appears impossible by any ordinary means . 


to get water so pure that its conductivity may be dis- 


regarded. 
In the later tables the numbers given for the heats of 
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evaporation are calculated from the absolute value for ben- 
zene, viz.:—L=94°4 at 80°2. 

Table V. records the results obtained by us for benzene, 
toluene, metaxylene, acetic acid, and ten of the lower esters 
prepared by Prof. Sydney Young. Tach liquid is compared 
with alcohol. 

In Table VI. we give for each liquid :-— 

(A) the ratio compared with benzene ; 
(B) the value of L in thermal units at 15°; 
(C) the value of L obtained from the thermodynamic 
equation (see p. 71, tnfra); 
(D) values obtained by other observers. 
In Table VII. we give for each, 
L, the heat of evaporation; 
t, the temperature of the boiling-point ; 
M, the molecular weight; 
ML 


TT? the quotient of the molecular heat of vaporization 
by the absolute temperature ; according to Trou- 
ton’s Law this should be a constant. 


9. TAsie V. 
: Ratio Ratio 
No. Date. B. AV OIEE SSP ell VY. || Corrected weights. a Mean, 
v; i, 
Benzene. Aleohol 
| 1 ...| May 21. | 752'8 || 16-976 8:193 || 0-907 | 16976 | 7431 || 0-438 
De a : 22. | 755°7 18-662 8:950 || 0:906]| 18662 | 81085 || 0-434 
5) ee » 28. | 757°9}| 19:010 | 9-150 |/ 0901 || 19-010 | 8244 || 0-434 
dee » 24. | 7567 || 17-098 8:286 || 0:905]) 17-098 | 7-499 0:438 | 0:436 
Toluene 
5 ...| May 28. ... || 17-359 | 7-136 _|| 0:972 || 17°359 | 6936 |) 0-400 
6. ad 29. | 763°2 || 17:046 7-040 | 0:972)| 17:046 | 6-843 0-401 | 0-401 
Metaxylene. | 
7 ...| May 30. | 755°7 || 16-309 6063 || 1031 || 16°309 6251 0°386 
8 ate 6. | 767°6|| 16755 | 6150 |) 1:036 || 16:755 | 6°3715 || 0380) 0:383 
Acetic Acid, 
June 11. | 7586 || 19:517 | 8-956 |, 0:980]|| 19517 | 8777 || 0-450 
0 ve eas 12. | 762:2|| 17:0383 | 7754 || 0-984] 17-033 | 7630 || 0-448 
1 Nes = 19. | 752:4 || 19-380 | 8613 |/ 0:984|| 19:380 | 8475 || 0-447) 0:448 


Se He 
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Table V. (continued). 


Weights evapo- 
rated. 


No. Date. B. 
Methyl Formate. 

12 ...) March 25, | 740°8 

13 9 26.| 74273 

14. my eatio | (ealaxts) 
Ethyl Formate 

15 .... April 3. , 758:8 

Ne ose my Gs leeks! 

WEP Se On OLS 
Methyl Acetate. 

18 ...| March 27. | 735-7 

ID cach gy ASS Brealey 

20 py ek | GIs 


Propyl Formate. 


Propyl Acetate. 


30 ...| March 18. | 764:9 

Gil ee yp vk | 7316 

SY ore Sp 2a ferfeioees 
Fithyl Propionate. 

33 ...| April 4. | 762°9 

34... my eh eRD 

OOM Os eos 


Methyl Butyrate. 


36 ..., March 29. | 786°8 

37 | April 2. | 755-7 

Dee cpp = 2 755-7 
Methyl Isobutyrate. 


39...) April 8. , 759-9 
de 8. | 759-9 


Bil ooel| IDG PAD), nie 
22...) Feb. 6. 7545 
Peay oat ay AOR lerCatehe 
Ethyl Acetate 
(referred to Benzene). 
24 ...| Oct. 24.) 748°5 
ABE Ec » 20. | 14872. 
AD) oe » 26. | 748-9 
Methyl Propionate. 
27 ~...| March 19. | 760°5 
WA anal| = Ay PBI isteks: 
20) eae Gs SH OOO 


15896 | 10:1455 
14-5725 | 9-289 
10:1955| 6°5265 


17-208 8-883 
178375 | 9:2205 
12/9885 | 6-712 


17:158 9:0365 
181105) 9:547 
16:220 85165 


16896 | 17-7695 
17:6585| 8-108 
17675 | 822165 


16187 | 15-451 
15001 | 14:275 
15-279 | 14:449 


17°6085| 8:012 
16:204 7369 
167158 73375 


17:8735 | 7-206 
17:508 70885 
14°545 5:9035 


18°5595| 73745 
14111 5676 
162815 | 65735 


14836 5°738 
15207 5°8455 
15.064 5°853 


17-0765] 6:4145 
157095} 5814 


Ratio 


Corrected weights. 
15:896 | 81165 
145725 | '7°385 
10°1955 | 5181 
17208 | 74885 
17:8875 | 78105 
12/9885 | 5:665 
17158 | 7690 
181105} 81485 
16-220 | 7:2645 
16°896 | 7:117 
17°6585 | 7-362 
17-675 | 74815 
16:1387 | 17°32] 
15-001 | 16:110 
15°:279 | 16342 
17-6085 | 7-235 
16°204 | 6°6615 
16158 | 6626 
17°8735 | 6°855 
17-508 | 6°734 
14:545 | 55965 
18:5595 | ,6:947 
14111 | 53625 
162815] 6:2055 
14886 | 54625 
15°207 | 5553 
15064 | 5-466 | 
17-0765) 5:940 
15°7095 | 5°884 


Mean. 


0°509 


0-436 


0-448 


0-420 


0-933 


0-411 


0°385 


0:378 


0'368 


0'346 
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Tas.e VI. 
A. B. oO. 1D 
Benzene ............ 1-000 SV Wl eanoen 109:0 Regnault II. 
93°4 Schiff X. 
92°9 Wirtz XI. 
107:6 Jahn XII. 
No) kt) 0): 0-920 SG:Gnall 22.875 83°6 Schiff X. 
Metaxylene ......... OS 7m S28 ON cern. 78°3 Schiff X. 
FANCOMOME 6:20. e sce 295 216 Oa ssa.n 202°4 Andrews I. 
227 ~=2Brix VI. 
208 Despretz VII. 
| 208°9 Favre & Silbermann VIII. 
206'4 Schall IX. 
205'°0 Wirtz XI. 
201:4 Longuinine XIII. 
Acetic Acid ......... 1-028 970 | 92-7 | 120°8 Berthelot IV. 
84:9 Berthelot & Ogier V. 
101°9 Favre & Silbermann VIII. 
Methyl Formate ...| 1°167 | 110:1 | 119°1 | 117-1 Andrews I. 
115°2 Berthelot IT1. 
Ethyl Formate ...| 1000 | 944 | 93:4 | 105°3 Andrews I. 
100°4 Berthelot III. 
92:2 Schiff X. 
11325 Jahn XII. 
Methyl Acetate ...| 1:028 97-0 96:8 | 110°2 Andrews I. 
94-0 Schiff X. 
113°86 Jahn XII. 
Propyl Formate...) 0°956 | 90:2 | 87:3 | 85:3 Schiff X. 
Ethy] Acetate ...... 0°933 88 1 84:3 92:7 Andrews I. 
83:1 Schiff X. 
843 Wirtz XI. 
10214 Jahn XII. 
Methyl Propionate| 0943 | 89:0 | 87°7 | 84:2 Schiff X. 
Propyl Acetate ...| 0-881 CEA | Gish) Sey yp 
Ethyl Propionate ..| 0°867 81-8 ODN Viens, 
Methyl Butyrate...| 0844 Mo (PRS |) Ts ep 
Methyl Isobutyrate| 0-794 | 75°0 | 763 | 755 _,, 
References. 
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TasuLe VII. 


Ratio Te t. M* |- ML 

to benzene. Tw 
IBENZenOky.searccnrece aoe 1-000 94-4 80°:2 77-40 20°65 
Molulen eyes. conse eee 0-920 86°8 110°8 91:30 20°61 
Metaxylene ...........- 0877 82°8 138°5 105°20 21-03 
Winter tener caches mana 536°6 100° | 17°86 | 25°64 
PA COhOlmeereserice ses acy 2-293 2165 78:2 45°66 28:09 
Acetic: Acid etennise-te 1-028 97:0 118°5 59:52 14-72 
Methyl Formate ...... 1-167 110-1 31:8 59°52 21°45 
Ethyl Formate ..... ... 1-000 94-4 54:3 73°42 21:13 
Methyl Acetate ......... 1-028 97:0 57-1 73 42 21°53 
Propyl Formate ...... 0-956 90:2 80:9 87°32 22°38 
Ethyl Acetate ..... ... 0:933 88:1 W715 87°32 21-93 
Methyl] Propionate ... 0-943 | 89-0 79°7 87°32 21-99 
Propyl Acetate ......... 0881 83:2 101:25 | 101-22 22°45 
Ethyl Propionate ...... 0 867 81:8 99:2 101-22 22°22 
Methyl Butyrate ...... 0: 44 79:7 102:7 101°22 21:43 
Methyl Isobutyrate ... 0-794 750 923° | 101-2275) 20:74 


* The molecular weights are calculated by taking 


lel. 
| O=15'86 (Rayleigh & Scott). 
C=11-90 (Stas :—C=12:005 when O= 16). 


The absolute zero is taken as —273°7. 


10. The results of these experiments may, we think, be 
regarded as satisfactory so far as they go. 

A good many difficulties have been encountered, but most 
of them have been overcome; and with a few more improve- 
ments in matters of detail we believe that the method will 
become almost as simple in practice as in theory, and will 
give results as good as can be required for ordinary purposes. 

We do not profess or desire to aim at such accuracy as 
Mr. Griffiths has reached in his work on water ; our method 
does not and cannot lend itself to such refinements. 

We rather hope to obtain for a large number of liquids 
values that are certainly within one per cent. of the truth, 
and often much nearer. 

Up to the present our experiments have mostly been 
limited to Dr. Young’s esters, which were ready to hand; 
but we propose to extend them now, as far as possible, to 
any other liquids that we can obtain pure, and whose boiling- 
points fall between 30° and 150°. 
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We desire, in conclusion, to express our thanks to Prof. 
Carey Foster for the use of his laboratory in the later part 
of the work, and to Mr. A. W. Porter for his kind assistance 
and advice in the matter of the resistance measurements. 


Appendia. 
I, Calculation of L from the thermodynamic equation ; 
worked out for the case of Methyl Acetate from experimental 
data given by Prof. Young (J. C.S. lxiii. p. 1191):— 


Se ee ae 
L=(S’/—S) . a3: 
(i.) To find ee by means of Biot’s formula 


dt 
log p=a+bat. 

i P: 

50° 588:2 millim. 

60° Sodas, 

aoe TIGiTOr =} 

hence log p=5'2852200 —2°515695 x ('9937262)*-" 
at 57°O . . . p=755-0043 millim. 


at 572 . . . p=760'2895 ,, 
Si a = 26°4260 millim. per 1° at 57° 1. 
oe = 2°64260 x 13°596 x 980:94 dynes per sq. cm. per 1°. 


(ii.) S’=vol. of 1 gr. vapour at 57°°1=350°6 c.c. 
S=vol. of 1 gr. liquid at 57°1=1'1le.c. 
one. (S'— 3) =—349'5 cc. 
T2737 +56: 1= 3350'S. 
*J=4:199 x 107. 
Hence L=96'81 thermal units. 


* The value of J given here is that determined by Griffiths (Phil. 
Trans. vol. clxxxiv. 1898 A), and used in working out the experiments 
on benzene; even if not correct, it is still the right value to use here, 
because it was determined by means of the same standards as those by 
which the quantity of heat developed in the benzene experiments was 
determined ; so that any errors would eliminate. 

This assumption as to the value of J is the only one that enters into 
the calculation ;-all the other data were obtained by direct experiment. 


72 MISS MARSHALL AND PROF. RAMSAY ON THE HEATS OF 


II. Regarding the Purity of the Liquids employed.— 
The benzene was bought from Messrs. Kahlbaum, of Berlin, 
and guaranteed free from thiophene. It was distilled twice 
from phosphoric anhydride until its boiling-point remained 
constant. 

The toluene had been used in some of Prof. Ramsay’s 
previous work ; it was distilled once and showed a constant 
boiling-point. 

The metaxylene was fractionated three times, and the 
portion distilling between 138'1 and 138-7 was used; it was 
probably not quite pure. 

The alcohol was obtained trom Messrs. Baird and Tatlock, 
and distilled from quicklime, and finally with a little sodium, 
until its boiling-point remained constant. 

The acetic acid was bought from Messrs. Kahlbaum ; it was 
fractionated by freezing, and the portion melting at 16°2 
was separated and used. 

The esters were prepared by Prof. S. Young, F.R.S., and 
all details may be found in his paper (J. C. 8. lxiii. p. 1191). 


DIscussion. 


Prof. Ramsay drew special attention to the table giving 
the values of the quotient or where M is the molecular 


weight, T the absolute temperature, and L the latent heat. 
Very curious differences are noticeable in the case of water, 
alcohol, and acetic acid. 

Prof. Carey Foster expressed his admiration for the 
method, since it obviated the necessity for knowing the 
specific heat of the liquid or vapour. 

Prof. Sinvanus THompson said the difficulty experienced 
in the case of water, due to electrolysis, might be obviated by 
the employment of a spiral of lower resistance and a larger 
current, so that the difference of potential between the ends 
of the spiral should be less than 1:7 volts. 

The CHaAirmaN said Capt. Abney had asked him to 
enquire to what extent the temperature of the liquid was 
affected by radiation. 

Mr. J. W. Ropeer asked if any direct experiment had 
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been made to determine if the temperature of the liquid was 
not above its true boiling-point. In some cases differences 
of as much as 2° might exist between the temperature of the 
liquid and that of the vapour given off. The differences 


in the value of ae in the case of water, alcohol, and acetic 


acid might be due to the fact that the vapours of alcohol 
and water were simple, while the vapour of acetic acid was 
complex. 

Mr. R. AppLeyarD suggested that the differences obtained 
in the case of water might be due to the presence of dis- 
solved air. 

Mr. GrirFitHs said that the objection to the adoption of 
Prof. Thompson’s suggestion was the fear that, with short 
wires, an excessive difference in temperature between the 
wire and the liquid might exist. 

Mr. Ruoves asked if Mr. Griffiths could trust his deter- 
minations of temperature to go}ooth of a degree ? 

Mr. GrifFITHs, in reply, said that he thought there was 
no limit to the accuracy with which a difference of tem- 
perature could be measured ; the absolute temperature, how- 
ever, he only relied upon to ;¢55th of a degree. 

Prof. Ramsay said the fact of superheating existing would 
not affect the results, since near the temperatures at which 
they were working the latent heat did not vary appreciably 
with the temperature. In reply to Captain Abney, he said 
some previous experiments by Dr. Young and himself had | 
shown that the vapour-jacket was quite impervious to radiant 
heat from without. 


i 
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V. A “ Direct-reading ” Platinum Thermometer. 


By Rotio APPLEYARD*. 


Messrs. CALLENDAR and GrirrirHs and their colleagues 
at Cambridge have proved that the platinum thermo- 
meter is capable of measuring temperature with an accuracy 
of oné~thousandth of a Centigrade degree. For general 
purposes, temperature is never required to be measured with 
a precision greater than one tenth of a degree. It is my 
object to consider how the reserve of precision may be utilized 
in facilitating the processes of testing. The results seem to 
indicate that it is possible, with a platinum thermometer, to 
determine ordinary temperatures by a single operation, of 
such a kind that the readings are “ direct”’—that is to say, 
no calculation requires to be applied to them. 

In the course of some experiments upon the variation of 
the electrical resistance of dielectrics with temperature, an 
apparatus was needed which, by a quick and simple operation, 
would measure the temperature within the substance of the 
dielectric. As dielectrics, generally, are bad conductors of 
heat, it is desirable to take simultaneous readings of tempe- 
rature at many points within their mass. A platinum 
thermometer may be regarded as having an extensible bulb, 
for the wire may be distributed to various points within the 
dielectric; the temperature deduced from the platinum 
thermometer, at any instant, is therefore equivalent to the 
mean of the simultaneous readings of a large number of dis- 
tributed mercurial thermometers. Further, the dielectrics, 
in their protecting covers, are submerged in a tank of water ; 
the stems of ordinary mercurial thermometers placed, verti- 
cally, beneath a water-surface would be difficult to observe ; 
the platinum instrument is far more convenient for this work, 
for it has the advantage of a portable stem and scale. 

The resistance of a dielectric t is by no means such a 


* Read November 22, 1895. 


+ See “ Dielectrics,” Proc. Physical Soc. xiii. p. 155, 1895; Phil. Mag. 
1894, xxxviii. p. 396. 
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definite quantity as the resistance of a metallic conductor. 
The difference in quality between samples of the same name, 
the age of the substance, the nature of the contact between the 
dielectric and its electrodes, and the so-called “ electrification,” 
are such variable factors that the term “ dielectric resistance ” 
has only an empirical significance. To arrange for the mea- 
surement of temperature with extreme precision is therefore 
unnecessary. 


Range. 


For certain practical reasons, the temperatures mentioned 
in this paper are referred to the Fahrenheit scale. The 
required range was 32°-120° F.; and, within the present 
limits of accuracy, it is safe to assume that the resistance, 
R, of the platinum coils, at any temperature ¢, within this 
range, is represented by the expression 


Re Relld.ati 82 \\ sk a 


The Platinum Coils, 


There were six platinum coils, forming six thermometers, 
each having a resistance of about 7 ohms. Lach consisted of 
about 2 metres of pure platinum wire, of 8 mils diameter, 
wound in double spirals upon an ebonite rod. Thick copper 
leads were soldered to the ends cf the coils. Zo determine a 
and Rs» the six coils were separately tested in melting ice, and 
then at various temperatures in heated water, side by side with 
a mercurial thermometer. These measurements were made 
with the coils submerged in a large tank, the temperatures 
being controlled by a gas-regulator. The resistances were 
measured on an ordinary ‘‘dial” bridge having german- 
silver coils. This part of the work occupied much time: a 
was derived from the mean of the best of 30 determinations ; 
it was somewhat tedious, but the values Rs. and @ proved, in 
the result, very accurate. The six coils of the six thermo- 
meters were afterwards connected in series, and regarded as 
one thermometer. The mean values were :— 


R32 =40°05 ohms (six coils, in series). 
a='002097. 


The six platinum coils, still connected in series, were then 
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imbedded within their respective dielectrics. Hollow metal 
tubes, for mercurial thermometers, were inserted at the same 
time within the dielectrics, for check-readings. The dielec- 
trics were then immersed together into one tank of water. 


Measurement of R, by “ Dial” bridge. 


The apparatus was now complete, and tentative tests were 
made for R, at different temperatures. The results, when 
compared with the mean of the readings of the mercurial 
thermometers in the tubes, were rather discouraging. The 
temperatures could not be depended upon within about 2° 
Fahr. These errors were due either to the german-silver 
coils, or the plugs, of the dial-bridge. Slightly better results 
were obtained by reducing the battery to a single cell. It 
was impossible to determine the bridge-temperature, at any 
time, with accuracy; and, moreover, even if that temperature 
could have been found *, the temperature-coefficient for dif- 
ferent samples of german-silver varies so widely with different 
samples, that no dependence whatever could have been placed 
upon values: “corrected”? by text-book coefficients. The 
“dial” bridge was therefore abandoned, and a slide-bridge 
of special form was designed for the purpose. 


Measurement of R, by Slide-bridge. 


The slide-bridge, fig. 1, consists of a 12-ft. plank, P, with 
a groove G cut along its whole length. A metre-scale, §, 
ean slide in the groove, flush with the upper surface of the 
plank. Datum-marks are made at successive metres along 
the plank ; subdivisions being read upon the sliding metre- 
scale. The contact-piece, L, is attached to the metre-scale at 
its zero-point. This saves the cost of an elaborate graduation 
of the plank ; and keeps the sliding-contact very accurately 
in position. When necessary, the metre-scale with its con- 
tact-piece is easily transferred to other such slide-bridges. 
There is no distortion of the slide-wire, and indentation is 


* A platinum coil interwound with one of the resistance-bobbins 
would probably be the best method under these circumstances, 
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almost impossible*. The slide-wire, W, is of platinoid f 
stretched between two adjustable blocks of copper, B. Its 
ends are soldered into saw-cuts made in the copper blocks. 
On the other side of the scale-groove there is a copper wire, 
J, for the galvanometer-contact. The contact-piece consists 
of an ebonite block K, with a gap at one end. The platinoid 
wire slides through a saw-cut M transversely to this gap in 
the ebonite. A Y-shaped piece of spring-brass, L, is screwed 
to the ebonite block. One end of the Y, projecting over the 
gap, is provided at N with a platinum knite-edge. The other 
two arms of the Y project beyond the other end of the ebonite 
block, and carry clips, R, through which the wire for the 
galvanometer-contact slides. 

The bridge-coils, fig. 2, consist of five silk-covered platinoid 
resistance-bobbins, immersed in a double vessel of copper, 
the inner vessel containing 1} gallons of paraffin-oil. 

A glow-lamp, submerged in the oil, is used for maintaining 
the temperature constant at 80° F.; this temperature was 
chosen as being just above ordinary air-temperature. 

Copper rods (a, 0, ¢, e, 7,9, k) connect the coils ; their 
ends pass upward, through the wooden cover of the calori- 
meter, to the switch. 

Fig. 2 shows the arrangement of these coils. The two 
ends of the slide-wire go to f and g respectively ; to which 
points the 100-ohm coils (f,e) and (g, a) are connected. 
By switching p to J, the fixed arm (45 ohms) of the bridge, 
connected between a and 4, is balanced against the 45 ohms 
between b and e; the slider has then a position at the middle 
of the slide-wire. When p is switched to n, the platinum 
thermometer is substituted for the (4, e) coil. 


Calibration. 

To calibrate the bridge, the switch (fig. 2) is set with Py 9 
horizontal, and s screwed firmly tom. This-puts 45+10=55 
ohms between 6 and e, and the slider has to be moved to a 

* A very convenient optical bench could be made by such a grooved 
plank. 

+ Platinoid is not good for slide-bridge wires. After about two 


months’ exposure this wire has become blackened, and I am replacing it 
by a wire of platinum-silver, 
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Fig. 2. 


SWITCH. 


Permanently fo Switeh. 
do Platinum Resislance. 
b+ free, slo m, talto = oh 
Sevew S fo m whem 95 olumo 


are wanted . 


Permanently lo Switch. 
piel, gtom,s free 5 = 2% 


Jo Slide-Wive 


Jo Slide Wire 


Jo Batfery. 


80 MR. ROLLO APPLEYARD ON A 


new position along the plank. A simple calculation enables 
us to find an expression for the temperature, ¢, of the platinum 
coils in terms of 2, the distance in ems. of the sliding-contact 
from the extreme left of the plank-scale. The actual figures 
for this particular bridge are here given. 


Corrected values of the bridge-coils, at 80° F. 


Between a and 6 = 45°138 ohms. 
* ¢ ye = 45T00~ 5; 
sine Ke ap 6 = TOD e za 

The coils 100, 100 require no correction ; they were ad- 
justed at 64°5 F., and we are only concerned with their 
equality at the slightly higher temperature. 

Value of r, the resistance of 1 cm. of the slide-wire.— 
Balancing (45°15 + 10-032) ohms against 45°188 and noting 
the corresponding value* of n, we have 

45+138[ 100+ 241°95 r] =55°182[100 4 58°05 r]. 
Whence 911301 ohms—c) . 2552) a 


R, én terms of t.—Putting the values for R3, and a in (1), 

the equation becomes 
R,=40-05[1+:002097(¢¢—32)], . . . (8) 
that is, within the required range of temperature. 

To this may be added, without sensible error, the resistance 
of the thick coppet leads going ‘to the platinum coils ; this 
was ‘025 ohm, so that 

R,=37°39.+-0°084 6. “n> ae ae 
R, in terms of n.—The general equation of the bridge 
will be 
R,[100 + (800 —n)r] =45°138(100 + nr). 
Or 4513°8 + 5°8745 n 
He s90150le ae ee 
t in terms of n.—From (8) and (5), 
hk 10°7406 n—684°9 
=T1eT7=00l09% ee 
That is, aa 11°677 ¢+ 684°9 7 
= 10-7206 0010082 | ane 
* The full length of the slide-wire is n=300 cms, 
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From (7) the plank may be calibrated “ directly,” in tem- 
perature degrees. It will, however, be more convenient to 
plot a curve co-ordinating n andt. Such a curve does not 
greatly differ from a straight line ; it is therefore sufficiently 
accurate to calculate n for every successive five degrees 
within the range. 

Accuracy attained. 

Mr. E. H. Griffiths has been good enough to examine my 
figures, and he agrees that, if the original standardization of the 
platinum coils is carefully attended to, this apparatus may be 
relied upon to measure temperature with an accuracy of one 
tenth of a Fahrenheit degree. Unfortunately, the platinum 
coils were sealed hard and fast within their respective dielec- 
trics before this slide-bridge method was adopted ; so that it 
has not been possible to check the readings in a liquid, as 
against a mercurial thermometer. This is very much to be 
regretted. By taking the mean of the readings of mercurial 
thermometers in the tank, and the readings of the mercurial 
thermometers in the tubes within the dielectrics, and com- 
paring this mean with the value of ¢ derived from (6), it is 
possible to make a very rough comparison. It should be 
carefully noticed, however, that ‘‘ tube’ temperatures include 
all the errors which it is the very object of the present 
method to avoid. The following table must be regarded with 
that limitation. 


Tas_e I, 
Date. ee N. SUSE MG) ere 
Fea pa ie) TA eae (e) repre 
/ EP | 76-0 F. 1358 759 F, 81 F. 
Pe DO aha | 72-5 132:°9 726 77 
eee einen 68°3 128-9 68:1 73 
pe ab: een 80:5 139°75 80-4 76 
2 AME Uber 90°6 147-7 89°6 76 
Sept. 2...... 101-0 156-64 100°1 78 
5 eee 110°1 164:8 109:9 79 
cme Ang Htae nin eve lenceria) oh tee 


It may be remarked here that, with the same apparatus, by 
taking the mean of the two values of 2, corresponding to 
VOL, XIV. G 


82 MR. ROLLO APPLEYARD ON A 


reversal of the battery, a second approximation could have 
been made. Also the slide-wire is thinner than is required 
by the temperature range. A thicker wire would have given 
greater possibilities of accuracy, and it would have been less 
liable to mechanical injury and temperature fluctuations. 


The Action of Sulphur Vapour upon Copper. 


While standardizing platinum thermometers in the vapour 
of sulphur (444° C.) some mica plates, which formed part of 
the apparatus within the vapour, were bound together with 
copper wires which passed through holes in the mica. After 
five hours’ exposure to the vapour the apparatus was dis- 
mantled, and, as had: been expected, the copper wire was 
completely demetallized. An examination of the resulting 
wire, a brittle compound of cuprous or cupric sulphide, 
showed that it was, in some cases, perforated by a small axial 
hole; the wire had, in fact, become a tube of very small 
bore. 

I am able to show this to you by projecting upon the 
screen one of the pieces of mica through which the original 
wire was threaded; the ends of the sulphide wire were broken 
off flush with each face of the mica, thus forming a section of 
the sulphide wire. 

Prot. Ramsay tells me that, as a rule, it is possible to draw 
an inner metallic core* from a copper wire which has been 
treated with sulphur vapour. It therefore seemed probable 
that my specimen was a piece of sulphide wire out of which 
a core had fallen. This, however, does not appear to be 
the explanation, for I have since succeeded in threading an 
iron wire, of 8 mils diameter, completely through a sulphide 
wire, which was more than half an inch long and not quite 
straight. I+ is impossible that a core of 8 mils could have 
fallen out of this specimen. 

An examination, with the microscope, of the original copper 
wire does not reveal the slightest perforation ; although the 
end was carefully removed with nitric acid so as to avoid the 
closing of the hole, if one existed, by any mechanical cutting 
of the wire. 


* I have obtained lately several specimens which show this core. 
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It was suggested that an occasional hole might occur in the 
process of drawing the wire. Prof. Boys asked me to try a 
piece of copper cut from a block. I therefore had a piece, of 
square section, sawn from a large commutator-bar. After 
six hours’ boiling in sulphur vapour, this copper rod became 
circular in section ; it had a central perforation, as could be 
proved by passing a wire into it. The colour of the surface 
was a deep “beetle” blue. 

Tn order to show the amount of expansion which the copper 
experiences during the change to sulphide, a second piece of 
copper, of square section, was sawn out of the commutator-bar, 
half the length being turned down to a circular section. This 
was put into sulphur vapour for six hours, with the result that 
the diameter of what had been the square part had increased 
from 215 to 386 mils; the circular part had increased from 
120 to 232 mils ; and a third piece, of ordinary drawn copper 
wire, increased from 31 to 77 mils. During the transforma- 
tion from copper to sulphide the diameter in all cases is ap- 
proximately doubled. The length is only slightly increased; 
all sharp edges disappear; and there is a general tendency 
towards the circular section. The fracture is crystalline, 
resembling that of an aerolite. 

A piece of Delta metal submitted to the same test came out 
of the sulphur vapour without appreciable change. It was 
discoloured but otherwise unaltered, and I propose to adopt 
this metal in future for the electrodes of platinum thermo- 
meters. 


Summary. 


The foregoing results indicate that platinum-coil thermo- 
metry may be reduced to a simple operation, and that the 
simplified method is sufficiently precise for general work. 
The exact conditions which determine the numerical limits of 
accuracy, generally, cannot be very concisely stated. The 
possible causes of error are well known, and with a little care 
may be nearly eliminated. The first eee is to main- 
tain the bridge-coils at some constant temperature just above 
the maximum air-temperature. For this purpose the oil-bath 
and glow-lamp will be found satisfactory. 

If “the temperature of the slide-wire is likely to vary 

GZ 
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considerably, 7 may be redetermined ; or a correction- factor 
may be applied. This will seldom be necessary ; no such 
correction was used in the above tests. 

There must be some easy arrangement for calibrating the 
slide-wire. The auxiliary-coil test is expeditious. The wire 
now supplied by good makers is sufficiently uniform ; and, 
except where great precision is essential, it will not require 
to be corrected for differences of diameter ; it should be of 
platinum-silver. 

The resistance of the leads can generally be added as in 
equation (4). In other cases one of the “dummy-lead” 
methods of Siemens or Callendar must be adopted. 

In conclusion I have to thank Mr. E. H. Griffiths, Mr. W. 
A. Price, and Prof. W. N. Stocker for their help in preparing 
this paper; and the Silvertown Telegraph Company, who 
have kindly allowed me to carry out the experiments and 
publish the results. 


Discussion. 


Mr. Trorrer said he agreed with the author that the 
“reserve of precision” at our disposal, on account of the 
delicacy of some of our modern instruments, ought to be 
made use of to facilitate the rapid performance of many 
measurements where the utmost accuracy is not necessary. 
He had the impression that platinum silver was not now 
considered the best material for use as the bridge-wire. 

Mr. H. F. Bursrauu explained the differences between 
temperature as measured on the mercury, air, and platinum 
thermometers. Ata temperature of about 40° the platinum 
thermometer read about 0°4, and the mercury thermo- 
meter about 0°1 below the air thermometer. Prof. Cal- 
lendar had obtained measurements of temperature correct 
to within 0°-1 by using a Weston voltmeter and an ordinary 
Wheatstone bridge ; the variations of resistance, and hence 
the temperature, being read directly from the deflexions on 
the voltmeter. 

Mr. Ruopxs thought that, except where extreme accuracy 
was necessary, the mercury thermometer was very much 
more convenient than the platinum thermometer. 
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Mr. Boursraut said the great convenience of the platinum 
thermometer lay in the fact that the scale could be read at 
a distance of many yards from the point where the tempe- 
rature was being measured, and hence could be used in many 
places where it would be impossible to read a mercury 
thermometer. 

Mr. BLakESLEY considered that the author was somewhat 
bold when he stated that for general purposes it was never 
necessary to measure temperature to nearer than one-tenth 
of a degree. 


VI. On the Existence of Vertical Earth-Air Electric Currents 
in the United Kingdom.. By A. W. Ricxur, I.A., 
F.RS.* 


In a paper by Dr. Adolph Schmidt, read before Section A 
of the British Association at Oxford (Report Brit. Assoc. 
1894, p. 570), the author stated that he had expanded the 
components of the earth’s magnetic force in series, and had 
deduced expressions, two of which give the magnetic potential 
on the surface of the earth in so far as it depends on (1) in- 
ternal, and (2) external forces. ‘The third series represents 
that part of the magnetic forces which cannot be expressed 
in terms of a potential, but must be due to electric currents 
traversing the earth’s surface.” The author concludes that 
such currents amount on the average to about 0:1 ampere per 
square kilometre. 

It appeared therefore desirable that this conclusion, drawn 
from the magnetic state of the earth as a whole, should be 
tested by means of those portions which have been most fully 
studied. 

The test to be applied is, whether the line-integral of the 
magnetic force taken round a re-entrant circuit on the 
surface of the earth is or is not a vanishing quantity. 

The irregular form of the United Kingdom makes the appli- 
cation of this test more difficult than it would otherwise be ; 
but as two detailed Surveys of Great Britain and Ireland have 


* Read December 13, 1895. 
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been carried out by Dr. Thorpe and myself for the epochs 
1886 and 1891 respectively, the data at our disposal are so 
numerous that I thought it worth while to undertake the 
inquiry. 

The actual work of calculation has been carried out almost 
entirely by two of my students, Messrs. Kay and Whalley. 
My best thanks are due to them for the care and skill they 
have displayed. 

‘The facts on which the investigation is based are as follows. 

The first survey (1886) included 205 stations, at all of 
which observations were made by Dr. Thorpe or myself. 

The true, and therefore irregular, isomagnetic curves were 
drawn for the epoch January 1, 1886, and the terrestreal 
curves, from which the local disturbances were eliminated, 
were also calculated for the same date (Phil Trans. vol. 
elxxxi. A, 1890). ; 

The second survey included observations at 677 stations. 
These were made by ourselves, or, under our superintendence, 
by Messrs. Briscoe, Gray, and Watson. The results are 
about to be published by the Royal Society. The terrestrial 
isomagnetic curves were drawn for the epoch Jan. 1, 1891. 
The secular change having been carefully determined by 
special observations and methods, the values of the elements 
and the terrestrial curves obtained for the earlier date were 
reduced to Jan. 1, 1891. Thus the whole of the 882 stations 
were available for drawing the true isomagnetics for the 
latter date. The two sets of terrestrial curves obtained from 
the second survey and from the first survey reduced to the 
second epoch did not agree exactly, and the lines bisecting 
the intervals between them were taken as our final result for 
the terrestrial curves in 1891. 

The following sets of curves will be considered in this 
paper :— 

(1) The terrestrial isomagnetics obtained in the first sur- 
vey for Jan. 1, 1886. These will be referred to as the 1886 
curves. 

(2) The same curves reduced by the secular change to 
Jan. 1,1891. These will be called the first survey 1891 curves. 

(3) The terrestrial curves for 1891 deduced from the second 
survey. These will be called the second survey 1891 curves. 
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(4) The mean terrestrial curves for Jan. 1, 1891, deduced 
from (2) and (3). These will be called the mean 1891 curves. 

(5) Lastly, the true isomagnetic curves deduced from the 
results at all the 882 stations for the epoch Jan. 1, 1891. 
These will be called the true 1891 curves. 


(1) The 1886 Curves. 


The advantage of using the calculated terrestrial curves is 
' that they can be carried across the sea from England to 
Ireland, or extended a few miles from the coast by extra- 
polation. The area included can therefore be made as large 
as possible. On the other hand, the method of obtaining 
these curves is such that the errors in their positions will 
probably be greatest near the boundaries of the land area 
over which the survey was carried. In order therefore that 
such errors might affect different calculations as differently as 
possible, it was determined to take two circuits, which should 
have their greatest extensions N. and §., and H. and W. 
respectively. They will be called the a and 8 circuits. 

The @ circuit was bounded by long. 2° W., lat. 58° N., 
long. 7° W. and lat. 52° N. 

The 8 current was bounded by lone. 1° ;W.., ‘lat. 55°2NS 
long. 9° W. and lat. 52° N. 

In the published account of the 1886 survey (loc. cit. 
p- 322), the values of the declination (6) and horizontal force 
(H) are given for all points within the United Kingdom 
defined by the intersection of whole degrees of latitude and 
longitude. From these the northerly components of the 
force (H cos 6) were calculated for all such points on the lines 
of latitude, and the westerly components (Hsin6) for all 
such points on the lines of longitude which bounded the 
circuits. 

The method of calculating the line-integral of the force 
may best be shown by an example, for which we may select 
long. 2° W. between lat. 52° and 58°. 

Let C be the number of cm. in a degree of latitude, 
and N the northerly component of the force. Assume that 
N=N,.+ al/+.2, where a is a constant, //=/—52, and « is a 
small variable. 
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Let W be the work done as the unit pole moves due North 
from lat. 52° to lat. 58°. 
Then A 
w=of Ndl=CO{N,, x 6 sitet f adl’\. 
52 0 


The value of a was found from the values of the northerly 
components at the points on latitudes 52° and 58° respectively. 
The. integral was calculated by quadrature, graphic methods 
being employed. 

To give an idea of the relative magnitudes of the terms, I 
append the following data :— 


6 
6N5.+ 18a +| ad’ =1:00896 —0:06864—0-00152 
0 
= 0°93880. 


The constant C -was taken = 11119320 cm., ‘so that the 
work done in this part of the circuit is 1:04387 x 10’ ergs. 

Treating the other parts of the circuit in the same way, the 
four quantities, the algebraical sum of which is the work done 
in completing the circuit, are :— 


(1:04388 + 0°17082 —1-00637 —0°20902) x 10’= — 6°9 x 10° ergs. 


Dividing by 47, we find that the total current within the 
vircuit is —550 C.G.S. units, and, since the area is 2°13 x 10° 
square kilometres, this amounts to —0:026 ampere per 
square kilometre. The negative sign indicates that the 
current flows downwards. 

A similar calculation carried out with respect to the 6 
circuit, of which the greatest extension is Hast and West, 
and the area is 1°77x10° square kilometres, indicates a 
current of only —0:004 ampere per square kilometre. 


(2) The First Survey 1891 Curves. 


When the 1886 curves are reduced to the Epoch Jan. 1, 
1891, by methods which are fully described in the account of 
the later survey, the results obtained from the « and B cir- 
cuits are —0:045 and —0:030 ampere per square kilometre 
respectively. It would at first sight appear as though the 
fact that these values are larger than those calculated for 
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Jan. 1, 1886, might be due to errors introduced by the assumed 
values of the secular change; but, as will immediately be 
seen, they are not larger than those obtained by another 
method, which this cause of error does not affect. 


(3) The Second Survey 1891 Curves. 


Treated in exactly the same way as the last, these give 
values of about the same magnitude but of opposite signs ; 
viz. for the & circuit +0°016, and for the 8 circuit +0-020 
ampere per square kilometre. Thus two different methods of 
calculating the same quantity lead to very different results, 
which point to the conclusion that the apparent effects of the 
hypothetical currents are due to small errors in the determi- 
nation of the exact positions of the lines. 

In the final calculation of the results of our survey, we have 
taken the means of the positions of these two sets of lines as 
the isomagnetic lines for 1891, hence the mean values of the 
currents deduced from them by the 


(4) Mean 1891 Curves 


are +0:001 and —0:005 ampere per square kilometre for 
the a and £ circuits respectively. 


(5) The True 1891 Curves. 


We have further checked the above results by means of the 
true curves, taking two circuits—one (y) in England and 
Scotland, and the other (6) in Ireland. 

The first of these was as follows :— 


Long. 1° E. from lat. 51° to lat Dore 
Lat. 53° from long. 1° E. to 1° W. 
Long. 1° W. from lat. 53° to 55°. 
Lat. 55° from long. 1° W. to 3° W. 
Long. 3° W. from lat. 55° to 58°. 
Lat. 53° from long. 8° W. to 4° W. 
Long. 4° W. from lat. 53° to 51°. 
Lat. 51° from long. 4° W. to 1° E. 


The area is 1:°054x10*° square kilometres. The values 
of the horizontal force and declination for every 10’ of 
latitude or longitude were read off from the maps on which 
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the values at the different stations were entered, and the 
true isomagnetics drawn. This operation was performed 
by Messrs. Kay and Whalley and checked by myself. The 
northerly or westerly component of the force was then caleu- 
lated for each of these points, and the average value for each 
short section was assumed to be equal to the mean of the 
values at its initial and final points. 

No difficulty arose except at a point in Wales, where the 
curves_are closed, and where it was therefore necessary to 
assume an average value for a section of the line on which a 
maximum occurred. 

The result of the calculation gave a current of —0°008 
ampere per square kilometre. 

The second circuit was taken in Ireland. It traversed the 
district of Antrim, in which there are violent local disturb- 
ances, and is interesting chiefly as showing to what extent 
the result may be affected by such causes. 

The circuit was as follows :— 


Long. 6° 30’ W. from lat. 52° to lat. 55°. 
Lat. 55° from long. 6° 30’ to long. 8°. 
Long. 8° from lat. 55° to 54°. 

Lat. 54° from long. 8° to 9°. 

Long. 9° from lat. 54° to lat. 52°. 

Lat. 52° from long 9° to long. 6° 30’ W. 


The area is 48 x 10° square kilometres. 

The current is —0:046 ampere per square kilometre. 

The fact that these different circuits, including areas of 
very different magnitudes and situated in different parts of the 
United Kingdom, all give very small values for the hypo- 
thetical currents, is strong evidence that the smallness of the 
calculated numbers is not due to the fact that large positive 
and negative values mutually cancel each other. It is, for 
instance, conceivable that the directions of the current-flow 
might be opposed on what may be called the oceanic and 
continental sides of the kingdom. 

If this were so, it is probable that circuits y and § would 
have given results of opposite signs. By way of testing the 
matter further, the current was calculated both from the 1886 
and the 1891 lines for the relatively small area in the West 
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of Ireland bounded by latitudes 52° and 53°, and longitudes 
9? and 10°: 
The results were :— 
for 1886, —0-04 ampere per square kilometre, 
pele) Wee 018 kab 

Hence the difference of direction which characterized the 
currents deduced from the two surveys when applied to large 
areas, also distinguishes, and in an exaggerated degree, the 
results obtained from a small border district. It is therefore 
evident that either the distribution of the vertical currents 
has entirely altered in five years, or they are too small to be 
detected by the method employed. 

The former of these hypotheses is negatived by the fact 
that different calculations, based on the first and second 
survey 1891 curves respectively, lead to discordant results for 
the same date, and we are therefore compelled to fall back 
upon the second alternative. 


”) 4) 9) 


Effect of the Ellipticity of the Karth. 


The question may fairly be raised whether, in dealing with 
such minute quantities, the ellipticity ot the earth ought not 
to be taken into account. 

In answer to this, it may be stated that the work done 
when the unit pole traverses the & circuit was also calculated, 
using the data as to the form of the earth given by Captain 
Clarke and quoted by Prof. Everett ((C.G.8. System of 
Units,’ ed. 1891, p.71). The numerical values thus obtained 
differed from those given above, but the differences between 
them were of the same order. Both methods of calculation 
lead to opposite conclusions as to the directions of the hypo- 
thetical currents according as the 1886 or 1891 curves are 
used ; thus proving that the small outstanding uncertainties 
as to the magnetic state of the United Kingdom are the cause 
of the discrepancies, which are not reduced by using a closer 
approximation to the form of the earth. 


Conclusion. 


I can only conclude from these various figures that the 
local magnetic surveys furnish no evidence of vertical elec- 
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trical currents in the United Kingdom. The largest number 
obtained from the larger circuits is less than half that which 
Dr. Schmidt assigns as the mean value for the whole earth. 
Different calculations lead to results of different signs for the 
same quantity ; and the data which would a prior? be accepted 
as the best give the smallest values. 

As far,as the terrestrial curves are concerned, the final 
results for the two surveys are embodied in the 1886 and the 
mean 1891 curves respectively. The local irregularities in 
the North of Ireland are so great that the calculations based 
on the true isomagnetics in that country may be neglected 
as compared with the probably much better results obtained 
in Great Britain. 

Selecting, then, only the most trustworthy values, the 
results may be summed up as follows in terms of amperes 
per square kilometre. 


Circuit. 
a B. Y 
1886. —0:026 —0:004 
1891. +0:001 —0:005 
SOU EAE ral water ae: ail eeke Beret —0:008 


From these figures we may conclude that there is not in 
the United Kingdom a vertical current amounting on the 
average to 0'l ampere per square kilometre. They are not 
inconsistent with the existence of a current of about a tenth 
or a twentieth of that amount; but on account both of the 
smallness of the results and of the discrepancy between the 
values obtained for 1891 by two methods, we cannot assert 
that such a current actually exists. The calculations taken 
by themselves do not disprove the hypothesis that electric 
currents traverse the earth’s surface, as we cannot argue from 
the condition of a small portion of the globe to that of the 
whole. The most that can be said is that no evidence in 
favour of the existence of vertical currents can be drawn from 
one district, which has been very minutely surveyed. 
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P.S.—No reference to Dr. Schmidt’s original paper was 
given in the short notice published in the Report of the 
British Association. I had therefore supposed that the latter 
was a preliminary note. Professor Schuster has, however, 
recently shown to me Dr. Schmidt’s complete investigation, 
and he has kindly calculated the current-density at latitudes 
50° and 55° on the prime meridian from formule given by 
Dr. Schmidt. The result is wpward currents and 0°20 to 0°15 
ampere per square kilometre at lat. 50° and 55° respec- 
tively. The mean of these two numbers, viz. 0°175, is nearly 
equal to Schmidt’s mean for the whole earth (0:17). It is 
opposite in direction to and very much greater in magnitude 
than any vertical current the existence of which is compatible 
with the results of the Magnetic Survey. 


DIscuUssION. 


Mr. Watson said a few words on the difficulty experi- 
enced in determining the line-integral in South Wales, due 
to the presence of closed curves. 


VIL. On Resultant Tones. 
By Professor J. D. Everett, £.R.S.* 


1. THE received theory of the generation of resultant tones 
in the ear may be summed up with rough accuracy as 
follows :— 

The drumskin being pulled inwards by the end of the 
handle of the “hammer,” which is attached to its centre, 
offers unsymmetrical resistance to displacement in the inward 
and outward directions, so that:the equation for the move- 
ment of its centre in free vibration would be 

—&=o0'x + a2”, 
or to a closer approximation 
— «#=o0'x4+a27+ Ba’, 
w, a, 8 being constants. 
* Read January 24, 1896. 


+ See Tonempfindungen, Appendix xii.; Rayleigh on Sound, art, 68 ; 
Bosanquet, Proc. Phys. Soc. vol.iv. p. 240, arts, 57-69. 
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The value of w when the second is the unit of time is less 
than 60, hence the frequency of free vibration, being @/27, is 
less than 10. 

When two harmonic forces of frequencies m and n act upon 
the drumskin, they produce, in addition to their own tones, 
certain “resultant tones,” the one of largest amplitude being 
the “first difference-tone,” of frequency n—m. The next 

m 


—m\? ‘ 
largest amplitude is about (=*) of this, and belongs to 


the “first. summation-tone,” of frequency n+m. Neither 


of these tones will be audible unless the excursion w is so large 
that ax? is sensible in comparison with w’z. There will also 
be difference-tones of frequencies 2m—n and 2n—m, but - 
neither of these will be audible unless Bx? is sensible com- 
pared with ov. 

2. This theory does not appear sufficient to account for the 
loud resultant tones which are sometimes heard. When a 
Helmholtz siren is driven rapidly, with the rows of holes 9, 
12, 15, and 18 open, the resultant tone of frequency 3 on the 
same scale is the most prominent tone in the whole volume of 
sound. 

3. The view which I desire to put forward is closely con- 
nected with the well-known theorem of Fourier, that every 
periodic variation can be resolved in one definite way into 
harmonic constituents, whose periods must be included in the 
list 1, 4, 4, 4, &e., where 1 denotes the period of the given 
variation itself. The corresponding frequencies will be as 
i tas; sc. 

In the majority of cases, when this analysis is carried out, 
the fundamental constituent, represented by 1 in the above 
lists, is the largest or among the largest ; but in the case of 
a variation compounded of two simple tones with frequencies 
in the ratio of two integers, neither being a multiple of the 
other, the fundamental will be absent, and the Fourier series 
will consist of only two terms, which in the language of 
acoustics are harmonies of the fundamental. 

4. Clearness of thought is facilitated in these matters by 
supposing a curve to be drawn, in which horizontal distance 
represents time and vertical distance represents the quantity 
whose variation isin question. Since the variation is periodic, 
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the curve will consist of repetitions of one and the same form, 
in other words it will consist of a number of equal and similar 
waves, and the wave-length stands for the complete period of 
the variation. 

The point on which I wish to insist is, that if such a curve 
representing the superposition of two harmonies of the funda- 
mental is in the first instance very accurately drawn, and is 
then inaccurately copied in such a way that all successive 
waves are treated alike, the inaccuracy is morally certain to 
introduce the fundamental. 

Let y denote any ordinate, and 6 the time (or abscissa) 
expressed in such a unit that 27 is the numerical value of 
the wave-length or period ; then the amplitude of the funda- 
mental is the square root of A” + B?, where 


1 20 if Qa 3 
vs ~{ y cos Ode, B= =|, y sin 6dé. 


In the original curve both A and B vanish. Let y/ be the 
altered value of y in the new and inaccurate curve, and let 
z denote y’—y; then we have, between the above limits, 


Sy! Cos ad0=\ y cos 6d0 +z COS add=\ z cos 60, 


since Sy cos 0d@ is zero. 

But z may be regarded as a random magnitude, hence it is 
infinitely improbable that its different values exactly fulfil the 
condition fz cos @d@=0. Therefore the new A is finite ; and 
similar reasoning shows that the new B is finite. 

If all the ordinates were changed in one uniform ratio, A 
and B would remain zero, and no new constituent would be 
introduced ; but any other change, unless specially planned 
to avoid introducing A and B, is practically certain to give 
A’? +B? a finite value. 

5. I maintain that such a change is effected in the form of 
sonorous waves during their transmission from the external 
air to the sensory fibres by which we distinguish pitch. The 
waves are transmitted first from the air to the drumskin, then 
through two successive levers, the hammer and anvil, to the 
head of the stirrup, while the foot of the stirrup sits upon the 
membrane of the oval window, and passes on the vibrations 
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through the membrane to the liquid on the other side in 
which the sensory fibres are immersed. The levers turn upon 
ligamentous fulera, and have rubbing contact with each other. 
The wave-form cannot run the gauntlet of all these trans- 
missions without being to some extent knocked out of shape. 
It is much as if a very accurately drawn curve, representing 
the original wave-form, were copied and recopied, five times 
in succession, by five different pantagraphs not very firm in 
their connexions. The final copy so obtained would be sure 
to exhibit sensible departures from the original. 

6. It appears likely that the chief seat of the disturbing 
actions in the ear is the junction of the hammer and anvil. 
“ When the drumskin with the hammer is driven outwards, 
the anvil is not obliged to follow it. The interlocking teeth 
of the surfaces of the joint then separate, and the surfaces 
glide over each other with very little friction”’*. Such action 
is likely to introduce derangement, increasing generally with 
the excursions of the drumskin, but not expressible as a defi- 
nite function of the ordinates of the wave-curve. For a 
given pressure on the drumskin, the pressure communicated 
to the liquid in the cochlea will vary according to the relative 
position and relative motion of the two portions of this joint. 

7. The principal resultant tone due to these actions is likely 
to be that which corresponds to the complete period of the 
actions, in other words the highest common fundamental of 
the two primaries, or what old writers called the “ grave har- 
monic.” This will not be the same as the “ first difference- 
tone” unless the ratio of the two primaries is of the form 
m:m+13; and I have satisfied myself, both by my own 
trials and by a study of Koenig’s experimental results, that 
when the difference-tone and the common. fundamental are 
not identical, the common fundamental is usually the pre- 
dominant, and often the only audible resultant tone. (See 
Appendix.) 

8. The common fundamental is, however, not the only 
resultant tone that can be thus accounted for. Similar 
reasoning to that employed in reference to A and B suffices 
to explain the introduction of any or all of the harmonics of 


* Ellis’s ‘Helmholtz,’ p. 183, 2nd edition. 


PROF. J. D. EVERETT ON RESULTANT TONES, 97 


the fundamental ; but it is to be expected, from the analogy 
of ordinary experience in harmonic analysis, that the succes- 
sive constituents will usually be smaller and smaller as we 
advance in the series. The octave is likely to be the largest 
of them; and Keenig found, in several experiments with 
- primaries in the ratio of 3:5, that both the fundamental 1 
and its octave 2 were distinctly heard as resultant tones. 
9. The following investigation bears on the relation be- 
tween beats and resultant tones. The expression 


a cos m+ 6 cos n@ 


can be reduced to the form 
A cos es 


where A and e are given by 


A?=a? +b? + 2ab cos (n—m) 8, 


a—b, n—m 
tan e= aa5 en 9 0, 


and the beating together of two tones not differing much in 
pitch is explained by the fact, definitely expressed in these 


formule, that the whole effect may be regarded as a succession | 


of waves with gradually varying amplitude. The frequency 
of the beats is the frequency of the maxima of A’, and is the 
difference of m and n. 

We have ascribed resultant tones to alterations made in 
the wave-form by the action of the ear, such alterations being 
in general largest at those points at which the excursions of 
the drumskin are largest. These excursions are measured by 
+A, and the above investigation shows that their maxima 
have a frequency corresponding to the difference-tone. This 
is true whether m and 7 are commensurable or incommen- 
surable. If they are commensurable, their greatest common 
measure will be the frequency of the complete cycle of change. 
This cycle will not be conspicuous in the curve if the ratio of 
n—m to 4(n+m) is very small, but will assert itself more and 
more as this ratio increases ; and these remarks will apply to 
the comparison of the fundamental with the first difference- 
tone. 

VOL. XIV, H 
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10. If the ear is able so to alter the form of waves 
impinging upon it as to generate resultant tones, it is natural 
to seek for some instance of a similar action in external bodies. 
A violin is very susceptible, like the ear, to vibrations of all 
frequencies between wide limits, and the sound-post. serves, 
like the ossicles of the ear, to transmit vibrations from one 
portion to another. It is easy to produce resultant tones by 
bowing two strings of a violin together. For example, in 
the ordinary process of tuning, when the fourth and third 
strings with frequencies as 2:3 are combined, the resultant 
tone 1 is very observable if attention be directed towards it. 
But more striking effects are obtained when the resultant is 
at a larger interval from the primaries. The major sixth 3:5, 
the major second 8: 9, and the minor seventh 5: 9, are suitable 
intervals for calling out the fundamental 1, the strings em- 
ployed being either the first and second or the second and 
third. The deep resultant tone thus obtained can not only 
be heard by the ear but felt as a tremor by the hand which 
holds the instrument. This is clear evidence of its objective 
existence, and I have succeeded in confirming the fact by 
means of a Helmholtz resonance-globe, the largest of the 
ordinary set, responding to C of 128 vibrations. When held 
with the edge of its mouth resting against the side of the 
violin, it responds to the combination © of 256 and G of 384 
on the 4th and 3rd strings, or to the combination C of 512 
and H of 640 on the 2nd and 1st; or, still better, to the 3rd 
and 2nd open strings each flattened one note, so as to be C of 
256 and G of 384. Here, then, we have distinct evidence 
that the violin possesses the power which I have ascribed to 
the ear—the power of manufacturing the fundamental when 
the two primaries are supplied. 

11. Sir John Herschel, in his treatise on Sound (Ene. 
Met. arts. 238, 239), mentions the fact that the common 
fundamental can be called out by sounding two or more of 
its harmonics on very accurately tuned strings or pipes, and 
says that the eftect cannot be obtained from a pianoforte tuned 
in the ordinary way, because the intervals are tempered. I 
find, however, on trying the experiment with an upright 
Broadwood of date about 1860, that C of 64 is easily called 
out by simultaneously striking eight or ten of its harmonics ; 
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and the effect is greatly enhanced if the key of C 64 is held 
down. In the latter case its note continues to be heard for 
a long time after the keys which were struck are released. 
From these experiments it appears probable that the sounding- 
board of a piano possesses the same property which we have 
proved to exist in the violin. 

12. I now come to the explanation of the experiments of 
Professor Riicker and Mr. Edser (Proc. Phys. Soc. vol. xiii. 
p- 412; Phil. Mag. 1895, xxxix. p- 841). They were made 
with a Helmholtz siren, and in each instance the two primaries 
were produced in the same box, sometimes the upper and 
sometimes the lower box. The following explanation is a 
development of suggestions contained in Appendix xvi. of the 
Tonempyindungen. 

The rate of escape of air from the box containing the two 
rows of holes which are employed may as a first approxima- 
tion be assumed to be jointly proportional, at each instant, 
to the aperture for escape and the differential pressure 
which produces the escape. Again, this differential pressure 
may be regarded as the algebraic sum of two terms, one of 
them constant, and representing its average value, while the 
other represents the difference from the average due to the 
varying amount of the aperture from instant to instant. As 
a first approximation, equal increments of aperture must be 
regarded as producing equal decrements of pressure, so that 
the variable term will be proportional (with reversed sign) to 
the excess of the aperture above its mean value. This excess 
(defect being counted negative) will be a periodic function of 
the time, and if the ratio of the two primaries in lowest terms 
be m:n, the frequency for the complete period will be repre- 
sented on the same scale by 1. In other words it will be the 
period of their common fundamental. 

Let the aperture at time ¢ be expressed in a Fourier series, 
6 being put for 27t/T, where T is the complete period ; and let 
the variable part of the expression be denoted by /(@), while 
a) denotes the mean aperture, so that the aperture at time ¢ is 


ay+f(@). We shall have 
f (@)=Asin 0+... +a,sin (mO+e,) +... +b, sin(nA+e,) + . 


The largest amplitudes will be a, and }, corresponding to the 
Bei . . H 2 
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two primaries ; but A, which corresponds to the fundamental, 
is likely to be sensible. 
The pressure at time ¢ is proportional to 


C-f(@), 


C being a constant ; and the aperture is 


ao +f (8). 


Hence the rate of escape is proportional to 


Cay + (C— a) f(A) —{f() 7?- 
dy is comparable with the maximum value of /(@), and C is 


much greater; hence a) may be neglected in comparison 
with C. 


Developing {(/(@)}?, we shall obtain a term 
2a,b, sin (mO + ¢,) sin (nO + €,) 
=a,b,[ cos {(n—m)O+€,—e,} —cos{(n+m)O+€,+e}], 
representing a difference-tone and a summation-tone. From 
(C—ay)f(@) we have the common fundamental 
| (C—a)Asin@, or CA sin@, 
and the two primaries 
Sneak Gas bin (m@ +e), Cb, sin (n8 +6). 
Suppose for simplicity that a,=0,, then, taking the amplitude 
of each of the primaries as 1, the amplitude of the common 
fundamental will-be A/a,, and the amplitudes of the summa- 
tion-tone and difference-tone will each be a,/C. 

When n—m=1, the difference-tone coincides with the 
fundamental, and their joint amplitude may be taken as the 
square root of the sum of the squares of a,/C and A/a. 

13. Professor Riicker and Mr, Edser in experiments i, and 


ii, obtained the difference-tone 64 from five distinct com- 
binations of primaries, 


256 & 320, 192 & 256, 320 & 384, 51:2 & 115-2, 96 & 160, 
their ratios being . 
4:5, 3:4, 5:6, 4:9, / 835. 


The second combination appears to have given a stronger 
effect than either the first or the third; whence it would 
appear that low frequencies are favourable to strong effects, 
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Nevertheless the fourth combination is mentioned as giving a 
rather feebler effect than any one of the first three. This 
confirms our conclusion that the difference-tone is weaker 
when it is distinct from the common fundamental than when 
it coincides with it. 

Experiment iii. was directed to testing for the presence 
of the resultant 64 when the primaries were 256 and 576, 
which are as 4:9. Their common fundamental is 64, and it 
could not be detected. This may have been because the 
pitch 576 was too high to give a good effect. Or the failure 
may be an indication that A/a, is decidedly smaller than a,/C. 
It would be interesting to repeat the experiment, employing 
192 and 320 as the primaries. 

14, Near the end of chapter vii. of the Tonempjindungen 
Helmholtz makes prominent mention of the slipping of the 
hammer on the anvil as an important cause of resultant tones, 
and appears to regard it as exemplifying his mathematical 
formula for the restoring force as a function of the displace- 
ment. But it is clear that if the hammer, which holds the 
drumskin, is liable to shift in its supports, the restoring force 
cannot be a mere function of the displacement, but must also 
depend on the relative position and relative velocity of the 
hammer and anvil at the moment considered. I accept all 
the consequences which Helmholtz deduces in the passage 
in question from this slipping, including its application to 
explain first difference-tones ; but I regard these consequences 
as lying outside the range of his general mathematical fors 
mul as given in Appendix xii. 

15. To sum up my objections to the received mathematical 
theory of resultant tones :— 

First. It assumes that the reaction of the drumskin against 
the air is a definite function of the displacement of the drum- 
skin from a certain fixed position, whereas this reaction 
depends also on the position and motion of the further end of 
the hammer at the time. 

Secondly. Even if the vibrations of the drumskin were in 
accordance with the received formule, there is plenty of scope 
for the introduction of additional constituents on the road 
from the drumskin to the liquid in the cochlea. The auditory 
ossicles, with their ligamentous supports and attachments, 
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probably serve to protect the oval window of the cochlea 
against shocks and jars, and to smooth down asperities in the 
wave-form, thus mitigating the harshness of sounds and 
rendering them more musical. The changes thus introduced 
are very unlikely to fulfil the special conditions required for 
the vanishing of the common fundamental. 

Thirdly. The received theory makes the common funda- 
mental, when not coincident with the first difference-tone, 
depend on aterm involving the cube or some higher power 
of the displacement. When the primaries are as 3:5, the 
fundamental 1 comes in as 2m—n, and depends on the cube 
of the displacement. When they are as 4:11, the tone 1, 
which Kcenig found to be the loudest resultant, is 3m—n, 
and depends on the fourth power. When they are in the 
ratio 4:15, as in Keenig’s experiment with the simple tones 
uts;°and sd, the common fundamental ut3;, which was the 
only resultant tone heard, is 4m—n, and depends on the fifth 
power of the displacement ; the first difference-tone, which — 
depends on the second power and should in theory be the 
loudest, being inaudible. This is surely a reductio ad absurdum 
of the received theory. 

I do not wish to be understood as denying that the theory 
has any basis of truth. My contention is that the actions to 
which it is truly applicable play only a subordinate part in 
the production of resultant tones. 


APPENDIX. 


Examples selected from Keenig’s Expériences d’ Acoustique, 
pp- 103 and 104, illustrating the production of the 
common fundamental. The “single vibrations” of 
the original are here reduced to double or complete 
vibrations :— 

ut; and sis, which are as 8: 15, gave only wt. 

ut; and 2816, which are as 4:11, gave ut; corresponding 
to 1 louder than any other tone. 

uts and s¢, which are as 4: 15, gave no audible tone but wts. 


ut; and 3968, which are as 8: 31, gaye no audible tone but 
Ul ge ‘ 
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ut, and 3584, which are as 4:7, gave ut, more distinct than 
the difference-tone sol;. 

uts and sz, which are as 8: 15, gave ut; distinct, the diffe- 
rence-tone 7 being inaudible. 

utg and 3968, which are 16: 31, gave ut, only. 

ut, and 4032, which are 32 : 63, gave ut, only. 


Discussion. 

Dr. C. V. Burron, after explaining several portions of 
Prof. Everett’s paper, said that he (Dr. Burton) considered 
that the author’s view in many ways seemed to fit in 
with the observed facts better than the accepted theory, 
but still did not appear itself quite free from objection. 
Prof. Everett supposes that the first term in a Fourier 
series is always the most important, and although in most 
cases which occur in practice this may be so, it hardly 
seems legitimate to take this as a characteristic of a Fourier 
series. 


VIII. The Magnetic Field of any Cylindrical Corl. 
By W. H. Evsrert, B.A.* 


[Abstract.] - 
Appiyinc Ampére’s formula for the magnetic force at any 
point due to an element of current, the force perpendicular 
to any plane circuit, carrying a current 7, is found to be, at 


any point P, 
4 . Wl =i rae? 
=2 (P+R) ) 
h being the distance of P from the plane of the circuit, and 


r, @ the polar co-ordinates of any point of the circuit referred 


to the projection of P as origin. 

The longitudinal force at any point due to a current in a 
cylindrical coil, or solenoid, is given by a second iategration. 
It is the sum or difference of two terms, each of the form 


dé 
Z = inh aS 3 
* Read November 8, 1895. 
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where /; denotes the distance of the point from an end plane _ 


of the solenoid, and n the number of turns per unit length 
of h. The depth of the coil, normal to the cylindrical surface, 
is assumed to be inconsiderable. The limits of integration 
are 0 and 2a for any point whose projection, taken parallel 
to the axis, falls within the solenoid. 

Similarly, the transverse force at any point, due to a sole- 
noid, is found to be 


if 1 
R=ind( Tass — 7a) ds, 
the summation being vectorial. 

The latter two formule can be readily applied, for approxi- 
mate calculation, to a cylindrical coil of any cross-section, 
including coils of circular and rectangular sections. But in 
_ the case of rectangular coils-the formule become integrable. 

Let p be the perpendicular distance of any point P from 
one of the faces of the rectangular coil, and a one of the two 
parts into which the corresponding side of a cross-section is 
divided by the perpendicular from P. Then the longitudinal 


force at P is given by the algebraic sum of sixteen terms, 
each of the form 


0 (a? + p?) V/ 22 +p? 2 2 
ah 
A (a? + p*) (2? +p)" 


And the transverse force at P is the resultant of eight terms, 
each of the form 


ean: 
=2n Sin 


R=; ( ] il 
=in co de 
o \ Vv a +p?*+h? V2? +p? +h? : 


in, (ptthe at Vatt+p? +h, 

= — log| ——— . +}, 

2 phy a+ Vaetpe the) 
The first formula in the paper can be used to find an ex- 
pression for the force due to a circular current, at any point 


P in the plane bounded by the circle. Draw any chord 
through P, and call its segments 7, 7’. Write ¢ for the 


arial 


ie A ll 
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distance of P from the centre, 6 for half the minimum chord 
through P, and a for the radius. Then for the force at P 
the formula reduces to 


20 
Halen, 


0 ar 
=i "(E+ = 8, 
o \% r 
_ 2° 
=), 


This can be written 


NV a?—c? sin26 . dé. 


.S 
F=7 52 9 

s being the perimeter of the ellipse with a and d as semi- 
axes, and having some value between 2zra and 4a, according 
to the position of the point considered. 


IX. On the Determination of High Temperatures with the 
Meldometer. By Wiii1aM Ramsay, Ph.D., F.R.S., Pro- 
fessor of Chemistry, University College, London, and N. 
Evumorropoutos, B.Sc., Demonstrator of Physics, Uni- 
versity College, London*. 


THE meldometer, an instrument devised by Dr. Joly, has 
been sufficiently described by him (Proc. Roy. Irish Acad. 
3rd series, ii. p. 38, or Chem. News, vol. Ixv.), and we need 
therefore only give a very brief account of it here. The 
essential part of the instrument is a length (about. 10 centim.) 
of thin uniform platinum ribbon, about 1 millim. wide. This 
is heated by a current of adjustable strength, and the increase 
in length of the ribbon is measured by a delicate micrometer- 
screw, the ribbon being kept gently stretched by a small 
spring. The temperature of the ribbon is, of course, lower 
where the two forceps hold it; but if it is suitably cut at 
each end nearly to a point, a length of, say, 6 centim. in the 


* Read February 14, 1896. 
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middle may be made of a very uniform temperature, as can be 
proved experimentally by taking the reading of the melting- 
point of the same substance at different points along the 
ribbon. 

An infinitesimal quantity (scarcely visible with the naked 
eye) of the substance to be melted is placed on the ribbon and 
viewed with a low-power microscope. The small quantity of 
the substance required enables it to be purified very com- 
pletely. The current is then put on and increased rapidly 
until the substance melts, and thus an approximate reading is 
obtained. This is repeated more cautiously, to obtain an exact 
reading. Several readings can be taken by remelting the 
same, and also by using fresh substance, the latter method 
being usually adopted. 

To translate the readings into temperatures, it is necessary 
to standardize the instrument by taking the readings with 
substances of known melting-points. Of these, unfortunately, 
there are none known with certainty beyond about 350° C, 
One reading is obtained by taking the temperature of the air, 
another is the melting-point of potassium nitrate (339°), and 
for a third one the melting-point of potassium sulphate (1052°) 
was adopted, for reasons that willappear. The melting-point 
of silver is irregular, apparently because of absorption of 
oxygen, and consequent spitting. Gold can be used, and 
also palladium. As, however, the expansion of the ribbon is 
almost a linear function of its temperature, and as the obser- 
vations hitherto taken did not extend beyond about 1050°, it 
was considered unnecessary to take readings with palladium, 
the general character of the expansion of the ribbon being 
already known from Dr. Joly’s observations. The question 
next arises, what is the melting-point of gold? There have 
been two or three determinations of value, which unfortu- 
nately differ from one another. 

M. Violle (C. R. 1879) determined it by a calorimetric 
method, and obtains as a result 1045° (on the air-thermo- 
meter). 

Messrs. Holborn and Wien (Wied. Ann. xlvii. and lvi., 
1892 and 1895), who give 1072°, compared a thermo-element 
with an air-thermometer, and then used the former for deter- 
mining the melting-points of silver, gold, and copper. This 
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was done by inserting in a porcelain crucible the thermo- 
element, and also two platinum wires connected by a wire of 
the substance whose melting-point was to be taken. The 
platinum wires formed part of a circuit containing a battery 
and a galvanometer. When the wire melted, the circuit was 
broken, and the temperature read at the same moment with 
the thermo-element. The melting of the substance must in 
general lag a little behind the thermo-element ; and as no 
mention is made of the rate at which the temperature was 
raised, it is difficult to know how far the results can be trusted. 
They obtain, however, very concordant readings. 

Besides these, there are two determinations with the plati- 
num pyrometer : one by Professor Callendar (Phil. Mag. Feb. 
1892), and the other by Messrs. Heycock and Neville(J. C. 8. 
Trans. 1895, p. 160). By a somewhat violent extrapolation * 
from a formula which, as far as we know, has been compared 
with the air-thermometer only to about 625°, they obtain :— 


Heycock and 
Callendar. Neville. 
Freezing- or melting-point of silver ... 982° 961° 
e af oldtie.e. 1091° 1062° f 


* In Holborn and Wien’s last paper (loc. cit.) the resistance of pure 
platinum is determined at different temperatures with their thermo- 
element, and their results cannot be expressed quite satisfactorily (“ sar 
ungeniigend”) by means of Callendar’s formula. The resistance of two 
of their pure platinum wires began to differ beyond about 900°, while 
agreeing below this temperature. They therefore consider this property 
unsuited to extrapolation. 

+ In a recent paper (J. C. S, Trans. 1895, p. 1025) Heycock and 
Neville state that “Callendar did not rigidly follow the method of cali- 
bration, which was afterwards developed by Griffiths and himself, and 
which we have always adhered to. That method requires that the 
resistance of the pyrometer should be determined at three standard tem- 
peratures,” yiz., at 0°, 100°, and the boiling-point of sulphur, 444°°5. 
And lower down they say, “If Callendar had standardized his thermo- 
meter on the boiling-point of sulphur....;” hence they infer that Callen- 
dar did not use the boiling-point of sulphur for this determination. But 
the determination of this boiling-point is given in Phil. Trans. 1891, 2. e., 
it was published before the paper referred to, and the latter is also later 
than another paper (Phil. Mag. July 1891, p. 109), in which the boiling- 
point of sulphur is directly referred to. We do not quite see how to 
reconcile the various statements, 
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Callendar then, taking the melting-point of silver as 945°, 
makes the melting-point of gold 1037°. Now Violle’s deter- 
mination for silver is 954°, which, using Callendar’s formula, 
would give for gold 1049°. Holborn and Wien’s value for 
silver is 968°. In view of the variance between the numbers, 
it was determined to take Violle’s value, though the correct 
value may be a few degrees higher (compare Le Chatelier, 
C. R. cxxi. p. 8323, 1895). In any case, allowance can easily 
be made, when further researches have determined the true 
melting-point. 

The gold used by us was a very pure specimen obtained 
from Messrs. Johnson and Matthey. The salts used, with the 
exception of some of the iodides, were pure specimens, pre- 
pared specially by ourselves. In a few cases the salts so 
prepared were recrystallized, and melting-points were taken 
both of the recrystallized salt and also that obtained from the 
mother liquor. No difference could be detected, and hence 
no further mention is made of these determinations. 

Gold on melting alloys with the platinum, and hence must 
destroy to a certain extent the uniformity of the ribbon. A 
remedy for this is to dust the ribbon lightly with finely 
powdered talc. This, however, is not very satisfactory, and 
interferes somewhat with the observations ; but with care, 
fairly good results can be obtained, as the following numbers 
show:— 

With talc. Without tale. 


NaClny cnn ae gat aoe 792° 
K200! 5. a) at 1 HBSS eens 
KOingi.seet ieeeee 762 
Ba(NO#)?. . . 583 515 


It was then found that the melting-point of potassium 
sulphate is very little different from that of gold, viz., 7 
degrees higher or 1052°; and this salt was afterwards used 
instead of the gold ; thus there is no need to use tale. 

Some melting-points are sharply marked, others are not. 
In these cases the lowest point was taken at which spreading 
over the ribbon could be detected. 

For purposes of comparison determinations by other ob- 
servers are given; some determined the melting-points (e, Oey 
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Carnelley, and Meyer, Riddle and Lamb), others the freezing- 
points (Carnelley, Le Chatelier, Heycock and Neville, and 
McCrae). The data are taken from the following references:— 

Carnelley (calorimetric method): J. C. 8. Trans. 1876, 
p- 489; 1877, p. 365; 1878, p. 273. 

Le Chatelier (thermo-electric method, assuming melting- 
point of gold as 1045°): Bull. Soc. Chim. t. xlvii. p. 301 ; 
C. R. t. exviii. pp. 350, 711, and 802. 

V. Meyer, Riddle and Lamb: Ber, xxvii. (1894) p. 3129. 
—lIn this method the salt has been previously fused in a 
platinum tube with a wire down its centre, and to this 
wire is attached a weight passing over a pulley. When 
the salt melts, it is pulled out by the weight, and the 
temperature is determined at the same moment by an 
air-thermometer. 

J. McCrae (Wied. Ann. lv. p. 95), relying on Holborn and 
Wien’s results, standardized his thermo-element with 
boiling diphenylamine (804°) and boiling sulphur 
(444°°5). For his thermo-element he used platinum 
against an alloy of platinum rhodium, and also against 
an alloy of platinum and iridium. The numbers in 
brackets given below refer to the latter, and the others 
to the former. It will be noticed that they do not agree 
perfectly. This may, of course, be due to his metals not 
being of the same purity as those of Holborn and Wien. 
The latter also from their observations find that the iridium 
alloy is not as well suited as the rhodium alloy. 


Salts of Inthium. 


The lithium carbonate bought as pure gave a conspicuous 
sodium coloration to the Bunsen flame. It was purified 
by successive precipitation and washing, until it gave a 
brilliant carmine coloration to a Bunsen flame, free from 
yellow fringe, showing an absence of sodium. The melting- 
points are not, very well marked as a rule. 

Ramsay & 


Eumorfopoulos, Carnelley. Le Chatelier. 
LSO+ ....03.c0002 853 818 830 
IGPOOYs pantencaeuce 618 695 710 
TaN Ol a nhccnpeboeantnac 491 598 
W738)? © eccnatooacaeece 442 547 


0TH Oo aqonmeoerne below 330 446 
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It will be noticed that there is here no agreement between 
the results of different observers. Our results are as a rule 
about 100 degrees lower than Carnelley’s, except that of the 
sulphate. Our resistances did not allow us to take the 
melting-point of lithium iodide, as we had not arranged for 
temperatures below 330°, but its melting-point is below that 
of potassium nitrate (339°). Lithium iodide is very hygro- 
scopic, so that on placing it on the ribbon it quickly liquefies; 
then on putting on the current, it becomes solid and then 
liquid again at the temperature given above, i. ¢., it has 
melted, and remains so indefinitely. 


Salts of Sodium. 


The salts of sodium and potassium were prepared from the 
bicarbonate, precipitatedby carbonic acid from a solution of 
the pure carbonate. The melting-points are well marked, 
though all are not equally so, e. g., the iodides. 


Meyer, 
Ramsay & Le Cha- Riddle Heycock & 
Eumorfopoulos. Carnelley. telier, & Lamb. Neville. McCrae. ° 
Na?SO4... 884 861 860 863 883 883 
Na?CO*... 851 814 820 849 852 861 (834) 
INCOM cceny 792 772 778 815 eet 813 
NaBr...... 733 708 Aas 758 aes 761 
Nal... 603 628 est 661 vee 695 (668) 


The agreement between Messrs. Heycock and Neville’s 
results and our own is only apparent, as they find 1062° as 
the melting-point of gold, while we assume 1045°. The fact 
that they are determining freezing- and not melting-points 
may introduce some difference. 


Salts of Potassium. 


Meyer, 
Ramsay & Le Oha- Riddle Heycock & 
Eumorfopoulos. Carnelley. telier. & Lamb. Neville. McOrae, 
K’s0*... 1052 Sac 1045 1078 =: 1066°5-—- 1059 (1166) 
K?CO’... 880 834 860 879 6a6 893 (885) . 
KC eer. 762 734 740 800 cee 800 
KBr ... 788 699 see 722 Af 746 (709) 
Mel oo 614 634 640 685 ae 723 (677) 


M. Le Chatelier gives an earlier value 1015° for potassium 
sulphate, and also 885° for potassium carbonate. Our value 
for potassium sulphate is 7 degrees above that of gold. 
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Messrs. Heycock and Neville’s is 4:5 above their value for 
gold, but they mention that there may be an error of 2 degrees, 
due to the alkalinity of their potassium sulphate. 


Salts of Calcium, Strontium, and Barium. — 


The salts of calcium, strontium, and barium were prepared 
from their carbonates precipitated from the purified nitrates. 
Their melting-points are not well marked, especially those of 
calcium ; and here again the iodides are less well marked 
than the chlorides. | 


y Meyer, 
Ramsay & LeCha- Riddle McCrae. 
Hitaseiseoulos Carnelley. _telier, & Lamb. 
Ca(NO*)?...... 499 561 
Oa ee en cesece: 710 719 755 806 802 
CaBr? ..:...... 485 676 
Wale rereces 575 (?) 631 
Sr(NO?)?...... 570 645 
Sr@le i acccoe 796 825 840 832 854 
SPB Te eccsss 498 630 
rohd Ss sereasoccs 402 507 
Ba(NO*)? ... 575 593 592 
TEENOIE® aacnsscen 844 860 847 922 916 (941) 
BABE cosecoe 728 812 
Bade een cco verse 539 


Calcium chloride is very difficult to observe, as it slowly 
softens. We found it practically impossible to take the 
melting-point of calcium iodide, as it is exceedingly hygro- 
scopic, and, on heating, it is almost immediately oxidized. 
We do not think it can be above the value given, though it 
may be below it. 


Salts of Silver and Lead. 
These were prepared by precipitation. Their melting- 


points are well marked. 
Ramsay & 


Eumorfopoulos. Camelley: 

KRe7SO* 0. scsesiccrsvonses 676 654 
eC 5 ana 460 451 
IETS 426 497 
Aalto, 28 tie 556 527 
DECOM ctivivessnchdvnd 937 

PROM es crsearcnaacass 447 498 
PRE rie c cst 363 — 499 


Ppl eirecssreeresesss=ssaenee 378 383 
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A curve is appended with the melting-points of the salts of 
potassium marked on it, In drawing this curve there must 
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of necessity be a small uncertainty, as there is no datum-point 
between 339° and 1052°; but. this. cannot amount to more 
than a very few degrees, : 
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In conclusion, we may point out that plotting our meldo- 
meter-readings against other observers’ melting-points does 
not give a smooth curve. 


University College, London. 


Discussion. 


Prof. Ramsay added that the chief advantage of the 
meldometer was that only a very minute fragment of the 
substance was required for the measurement, so that extreme 
purity of the sample could be secured. There was the dis- 
advantage, however, that many substances undergo some 
change when heated in air. In reply to a question from 
Mr. Blakesley, Prof. Ramsay said that the property of 
the platinum which was used to measure the temperature 
was its expansion. 

Mr. Campsetu asked whether the zero of the instrument 
was found to be constant. In Cardew voltmeters it often 
took several hours for the needle to come back to zero after 
heating. 

Mr. Eumorropovutos, in reply, said that the zero was con- 
stant to within a quarter of a degree. 

Prof. Ramsay also exhibited a small direct-vision spec- 
troscope, in which the eye-piece is moved in a plane perpen- 
dicular to the axis of the instrument by means of a micrometer 
screw. This form of spectroscope is found to be of great 
utility in verifying the position of lines in the spectrum. 
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X. On some Geometrical Instruments invented by 
Mr. E. Scorr and Signor Monticouo. 


[ Abstract. | 


Mr. BE. Scort, at the meeting on January 24, 1896, showed 
some Geometrical Instruments invented by himself and 
Signor Monticolo. 

The instrument designed by Signor Monticolo is intended 
for drawing arcs of circles of such large radius that com- 
passes cannot be employed. It can be used to trace ares of 
circles of which the radii vary from 50 cm. to infinity. 

The second instrument exhibited was a modified form of 
hatchet planimeter, which Mr. Scott has devised with a view 
of avoiding some of the defects of the ordinary form of 
instrument. Thus, to avoid the cutting of the paper, which 
occurs when the knife-edge is sharp, and the side-slip which 
occurs when the knife-edge is blunt, the author uses a wheel 
with a sharp edge. To avoid the inclination of the instru- 
ment to one side, which may easily occur with the ordinary 
form, a flat celluloid plate with a dot at the centre is used 
as the tracing point; this plate being kept pressed flat on 
the surface of the paper. A small wheel with a recording 
disk is attached, and may be used to measure the distance 
between the first and last position of the knife-edge. 

Mr. Scott also described a form of planimeter which he 
had invented, and in which the disk and cylinder movement 
is used to perform the integration 


Discussion, 


Mr. C. V. Boys said that an instrument designed by 
Mr. Clarkson had been exhibited before the Royal Society 
which was capable of drawing arcs of circles of large radius. 
This instrument only drew an approximation to a circle, 
but the approximation was so close that it nowhere was 
more than the thickness of a thin ink line away from the 
truth. It would be interesting to hear from the author 
whether Signor Monticolo’s instrument drew a rigorously 
exact circle or not. The upright position of -the hatchet 
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planimeter might be secured by using two wheels in place 
of one. The planimeter described was really a modified 
form of one he (Mr. Boys) had described before the Society 
in 1881. 

Mr, BuakesLuy gave a short geometrical proof showing 
that the curve traced by Signor Monticolo’s instrument was 
rigorously an arc of a circle. Mr. Blakesley also drew 
attention to the fact that the instrument in its present form 
cannot be used to trace the arc on both sides of the starting 
point. 

Dr. C. V. Burton described an idea for an instrument for 
drawing circular ares which had occurred to him, depending 
on the use of two wheels of different radii connected by an 
axle conveying a tracing point. 


XI. An Analytical Study of the Alternating Current Are. 
By J. A. Furemine, .A4., D.Sc, F.RS., Professor of 
Electrical Engineering in University College, London, and 
J. H. PErave.*. 


AutHouGcH the physical phenomena of the Electric Arc 
have received of late years very considerable attention, 
there are many points in connexion with the study of the 
alternating current arc which seem to us to have been 
insufficiently explored. The investigation which is here 
described is a contribution to the further examination of the 
mode in which the variation of the luminous and electric 
effects takes place in the alternating current are. 
The first portion of the. research is concerned with an 
analytical study of the variation of the light thrown out from 
different radiating regions in the arc, and the delineation of the 
periodic value of this illuminating power by graphical methods. 
The object of the first set of experiments was to record and 
represent by an appropriate graphical method the periodic 
value of the light thrown out from the carbons and from the 
true electric are region when the arc is supplied with electric 


* Read February 28, 1896. 
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power of known constant amount and varying magnitude, 
and at the same time to record the periodic variation of 
current through the are, and potential-difference of the 
carbons. The instrumental appliances involved in the first 
place the employment of means for keeping constant and 
measuring the mean value of the power supplied to the are. 
This was accomplished by the use of a suitable non-inductive 
resistance and a bifilar reflecting wattmeter, the series coil 
of which was in the circuit of the arc, and the shunt coil 
of which was connected across the carbons of the arc. The 
following is a description of this wattmeter :— 

The series coil was wound with 10 turns of thick copper 
wire (No. 10 S.W.G.) and had a resistance of ‘01 ohm. The 
shunt coil was wound with 23 turns of thin wire, and had a 
resistance of 8°76 ohms, and was placed in series with a 
non-inductive platinoid resistance of 1200 ohms. The shunt- 
coil was suspended by two fine silver wires, which also served 
to conduct the current in and out of the coil. The con- 
trolling and deflecting forces so balanced each other at small 
displacements as to make the angular displacement of the 
movable coil very nearly proportional to the power passing 
through the wattmeter. The movable coil was provided with 
a mirror by means of which the image of a wire illuminated 
by an auxiliary arc lamp was reflected on to a fixed scale. 
This scale was carefully graduated, so as to read directly in 
watts. It was found that the earth’s magnetic field caused a 
small deflexion of the movable coil when using continuous 
currents and when the shunt current was passing through it, 
when at the same time no current was flowing in the series 
coil. This terrestrial field was neutralized by magnets, or 
else the scale was shifted so that the part of the deflexion of 
the shunt coil due to the terrestrial field was eliminated. The 
best way would have been to have turned the wattmeter 
round through a certain angle, but as it had to be screwed 
up against the wall ina fixed position for steadiness, it was 
found that the above method was the simplest plan for obviating 
this source of error. The vibrations of the movable coil were 
damped by means of a mica vane dipping into a dash-pot 
filled with oil. When all the adjustments were made, it was 
found that this wattmeter produced a deflexion of the spot of 
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light on the scale almost exactly proportional to the power 
passing through the instrument. This wattmeter was then 
connected up to the arc lamp, so that the whole current 
actuating the arc lamp passed through the series coil, the 
terminals of the shunt coil being connected to the carbons 
of the arc. 

A series of preliminary experiments were then made for 
the purpose of enabling us to eliminate from the wattmeter- 
readings, firstly, the power taken up in the wattmeter itself ; 
secondly, the power taken up in the shunt coil of the arc- 
lamp and other shunt resistances; and, thirdly, the power 
taken up in the carbons themselves, right up to the point 
where the arc is being formed. The observations, when 
reduced by applying these corrections, gave us at once the 
true mean power being taken up in the arc. The wattmeter 
was constructed with all the precautions necessary in making 
a wattmeter for measuring alternating-current power, so that 
it served to measure the power taken up either in alternating 
or continuous current arcs. The current supplied to the 
arc passed through a series of non-inductive resistances, con- 
sisting of carbon plates, in such a manner that the power 
given to the are could be regulated with the greatest exact- 
ness. In addition to the wattmeter, an ammeter was placed 
in series with the arc lamp so as to measure the current 
passing through the arc, and a voltmeter connected to the 
carbons so as to measure the potential-difference of the 
carbons, these instruments being suitable both for continuous 
and alternating currents. In all the experiments the mean 
power was kept constant in the arc, and this was done by 
adjusting the current so that the wattmeter took a certain 
deflexion corresponding to the power desired, and the watt- 
meter was kept at a constant deflexion by regulating the 
carbon resistances in series with the arc. In addition to the 
instruments described above, a lens was fixed so as to enable 
the length of the arc to be measured in the usual manner. 

In the course of the experiments three arc lamps were 
employed—a hand-regulated are lamp in which the distance 
of the carbons was adjustable by a screw with great accuracy ; 
a continuous-current arc lamp (the Waterhouse Arc Lamp); 
and an alternating-current are lamp (the Helios Arc Lamp) ; 


118  PpROF, FLEMING AND MR. PETAVEL: ANALYTICAL 


these last two being selected as excellent arc lamps of their 
respective types, our object being to select an arc lamp, the 
mechanism of which enabled it to be worked with electric 
powers varying over wide limits, and yet to yield a perfectly 
steady arc. In addition to these instruments there was set 
up the apparatus for delineating the curves of current of 
electromotive force, which have been described by one of us 
in the ‘ Electrician,’ vol. xxxiv. p. 460, and which consists of 
a synchronizing alternating-current motor, having its fields 
separately excited and its armature circuit traversed by a 
shunt current from the circuit operating the are lamp. This 
alternating-current motor was set up on the photometer bench, 
and it was used to drive an aluminium disk pierced by four 
openings, in such a manner that the disk revolved synchro- 
nously with the alternating current operating the arc. In 
addition to this duty the alternating-current motor carried a 
contact-maker on its shaft for the purpose of enabling the 
curves of current of electromotive force to be delineated. A 
brief description of the motor is as follows :— 

It consists of two sets of field magnets M, M (see fig. 1), 
having eight poles on each side which are secured to two 
cast-iron disks. Between these field magnets revolves a small 
armature A, the iron core of which is formed of a very thin 
strip of transformer iron wound up into a ring, the armature 
coils being wound on this ring. The armature coils are joined 
up in series with one another, so as to give a series of 
alternating magnetic poles round the ring when a current 
flows through the armature circuit. The diameter of this 
armature is about six inches. The field magnets have eight 
poles, and the armature eight coils. The field magnetic coils 
are bobbins about 2 inches long and 1} inch in diameter, and 
when joined up in series in the proper manner the field 
magnets take a current of about eight amperes to give them 
a proper amount of saturation. The armature is carried 
upon a hard wooden boss fixed to a steel shaft ; and the steel 
shaft is carried through small ball bearings made like bicycle 
bearings. In order to prevent any side shake of the armature 
there are at opposite ends of the base cast-iron pillars with : 
gun-metal screw through each, against which the rounded. 
end of the shaft bears ; the position of the shaft can thus be 
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adjusted with great nicety, and runs with great freedom from 
friction. The ends of the armature circuit are brought to 
two small insulated collars fixed on the shaft, against which 
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press two light brass brushes marked B, B kept against the 
shaft by means of an expanding steel wire W, The armature 
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shaft carries on one side an ebonite disk with a steel slip let 
into it. Two insulated springs S, 8 are carried on a rocking 
arm H; this rocking arm can be traversed through half a 
circumference, and is centred upon the gun-metal screw 
which prevents side shake in the shaft, and a pointer and 
graduated scale enables the exact position of the contact- 
springs to be determined. One of the stop-screws keeping 
the shaft from side shake is pierced with a longitudinal hole, 
and through this hole passes a stiff steel wire ; this serves to 
drive an aluminium disk 27 centims. in diameter and 4 milli- 
metres thick. This disk is carried on a shaft which runs in 
a cast-iron bearing, and the disk is therefore driven syn- 
chronously by the motor. This aluminium disk has four slits 
in it separated by angular intervals of 90° ; the slits are 0°5 
centimetre wide and 4°5 centimetres long. If the field- 
magnets of the motor are excited by a continuous current of 
about eight amperes, and if an alternating current of about 
two amperes is passed through the armature of the motor, 
then, on turning the motor rapidly round by hand, which can 
best be done by passing a strap round the shaft and pulling 
at the strap so as to spin the motor like a top, the motor will, 
if sufficient speed be gathered, drop into step with the alter- 
nating current driving it. Since the motor has eight mag- 
netic poles, it makes one complete revolution in four complete 
periodic times, so that if the motor is being driven from an 
alternating-current circuit having a frequency of 100, then 
the motor has to run at 1500 revolutions per minute before 
it will drop into step, but at that speed it will fall into step 
with the current passing through its armature, and will be 
driven as a synchronous motor. Under these circumstances, 
if a ray of light is passed transversely to the disk in such a 
manner as to pass through the slits of the aluminium disk 
during the progress of rotation of the disk, the beam of light 
will be interrupted, but will obtain passage four times during 
each revolution through the slits in the disk as it goes round. 

If the motor is being driven by the same alternating 
current circuit which supplies the alternating current to an are 
lamp, it is evident that, on looking through the slits in the - 
revolving disk at the alternating current are, it will be seen in 
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one constant condition during its periodic variation, such 
instant being determined by the position of the slits with 
reference to the phase of the current. Without entering 
into a longer description, it will be evident that this synchro- 
nizing motor driving a disk and a contact-breaker enabled 
two things to be done—first, to delineate all the current and 
electromotive-force curves of the arc taken in the usual way; 
and, secondly, a ray to be taken from the are selected at one 
particular instant during the complete period through which 
the variation of illumination passes. These arrangements 
were completed by the construction of a photometer of a 
particular kind. Owing to the slow variation of position of 
the electric discharge in the alternating current arc, it would 
have been useless to photometer the instantaneous value of 
the light coming from the alternating current are against any 
fixed standard of light ; but it was found possible to make a 
very exact comparison between the intensity of the light 
coming from any part of the arc, and selected at any one 
constant instant during the complete phase, with the mean 
value of the light coming from that same part of the are 
during the complete period ; in other words, it was found 
possible to photometer the are against itself, and so eliminate 
to a large extent the difficulties arising from slow periodic 
variations of the light sent out from the are in any one 
direction. It is well known that the light of an alternating 
current arc, taken in any one direction, undergoes a slow 
periodic variation quite independently of the variation of 
current during the phase, neither is it dependent upon any 
variation of the mean square value of the current, because it 
takes place even when that current is perfectly constant. It 
appears to be due to slow changes of position of the points on 
the carbons between which the discharge takes place. The 
discharge is as it were seeking out new points between which 
to take place, and it continually changes these positions as the 
arc burns. The photometric arrangements finally adopted 
were as follows, and are shown in outline in fig. 2. 

A represents an alternating current arc. This are was 
enclosed in a metal lantern in which were three openings. 
The light from this are passed through a lens L, in a hori- 
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zontal direction and fell upon a mirror M, placed at an angle 
of 45°, capable of being rotated at this constant inclination 
round a horizontal line co-linear with the axis of the revolving 
disk, and the motor placed in front of the lens L,. The ray 
was then reflected upwards into another mirror Mg, and by 
this mirror reflected at an angle very nearly equal to 45° in 
such a manner as to pass through the slits in the revolving 
disk D, when any one of the slits was in a position to allow 


Arrangement of the Photometer and Revolving Disk. 


the ray to pass. The two mirrors M, and M, were rigidly 
connected to a rocking-arm so centered that the line M, M, 
could be rotated round into any required position, always 
moving parallel to a radial line of the disk D. The disk D 
was the disk carried on the shaft of the synchronizing motor 
above described ; the motor, together with its associated disk, 
was placed on the photometer bench in the required position 
opposite to the arc-light lantern. In fig. 2 the motor itself 
is not shown, but its position is indicated by the letter C. 
The angular position which the rocking-arm carrying the two 
mirrors M, and M, occupied with respect to the vertical line 
passing through the centre of the revolving disk could be 
observed on a graduated scale. It will be clear, then, that if 
the disk driven by the motor was in synchronism with the 
alternating current producing the alternating arc at A, an 
observer, looking through holes in the rapidly revolving disk, 
would see by reflexion in the mirrors M, and M, the alterna- 
ting current arc at A; but he would see it, not as it is seen 
when looked at directly, but in some constant condition taken 
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at one definite instant during the phase, which instant would 
depend upon the position of the line M, M, with regard to the 
vertical line through the centre of the disk. Thus by rocking 
over the arm M, My in various positions the observer could 
see, through the window W as the disk revolved, the arc at 
A, either in the condition when the electric discharge is 
taking place, or when the true arc is extinguished, according 
to the position in which the arm M, M, was set. If, instead 
of observing with the eye, a disk of paper with a photometric 
grease spot upon it was placed at P, the lens L could be so ad- 
justed as to throw an enlarged and well-defined image of the 
arc upon the disk at P; and by rocking over the arm carrying 
the mirror into successive positions, the observer would see 
the image of the arc pass slowly through all those successive 
phases which in the arc itself actually take place during one 
periodic time. As the image of the are is much larger than 
the photometer disk, it was possible, by slightly shifting one 
of the mirrors, to bring any desired part of the image of the 
true are or of the craters of either of the carbons to cover the 
grease spot. In addition to this interrupted ray, another ray 
was gathered from the same part of the are by a lens Ip, 
placed on the same level with the lens L, but slightly to one 
side of it. This lens gathered a beam which was reflected by 
a mirror M; placed at an angle of 45°, and which reflected 
the ray upwards to another mirror M,. In fig. 2, for the _ 
sake of clearness the lens L, is shown beneath the lens Ly, 
but it must be understood that in the real apparatus the 
lenses L, and L, were on the same level and placed side by 
side. The ray reflected from the mirrors M; and M, was set 
horizontally, so as to be received ona lens L;, and by this lens 
L, was gathered to a focus at a point I. The lens L, was so 
adjusted as to form a large image of the are on the screen 
which carried the lens Ls, and by slightly moving the mirror 
M, any part of this image could be made to cover the lens L;. 
It will be seen, therefore, that the light gathered together at 
a focus at the point I could be made to be light coming 
from any assigned area in the are or from the craters. A 
movable stand carried two other mirrors M, and M, fixed at 
angles of 45° in such a way as to reflect the ray coming from 
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focus at 1, and reverse its direction so as to bring it round 
and make it fall on the left-hand side of the photometer-disk P. 
It will thus be seen that, by moving the mirrors M; and Meg, 
the light falling on the left-hand side of the photometer-disk 
P could be made to have any desired intensity within certain 
limits, and could be gathered from any desired part of the 
are or craters ; and, moreover, this illumination was the mean 
illumination, or proportional to the mean illuminative power 
of any part of the arc selected for examination. It will thus 
be clear that the arrangement enabled us to project on to the 
right-hand side of the photometer disk P the rapidly inter- 
mittent ray taken from any part of the arc, and always 
gathered at one constant phase condition during the complete 
period ; whilst on the left-hand side of the photometer disk 
we could project a ray gathered from the same part of the arc, 
but not interrupted. We could therefore compare the mean 
value of the light proceeding from any part of the are with 
the instantaneous value of the light taken from the same part 
of the are and selected at any assigned instant during the 
period. Thus the arc itself became its own standard, and 
difficulties due to slow fluctuation of the mean light of the are 
disappeared. At the same time the contact-maker on the 
motor enabled us to delineate in the usual manner the curves 
of current and potential difference of the arc, and thus to 
record the variation in the arc of the arc current, the carbon 
potential difference, the power expended in the arc, the 
resistance of the arc, and the luminous intensity of any part 
of the arc. A long series of experiments was then made 
with alternating current ares of different lengths and powers, 
the periodic electric quantities being delineated and the light 
being taken, either from the centre of the true arc halfway 
between the carbons or from one of the craters of the carbon 
terminals,—generally the bottom carbon. The process of 
taking measurements was as follows :— 

After setting the lenses and the mirrors so that the lens L, 
and the mirrors M, and My, gave a sharp image of the are on 
the right-hand side of the photometer disk with the selected 
area of the image covering the grease spot, the mirrors M, 
and M, were moved backwards and forwards until the balance 
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was obtained between the illumination falling on the right- 
and on the left-hand side of the photometer disk. The right- 
hand side of the photometer disk being illuminated by an 
intermittent stream of light always selected in the same phase, 
when considered as belonging to a periodically varying illu- 
minating beam, whilst the light falling on the left-hand side 
of the photometer disk is a uniformly illuminating beam of 
the same quality and colour coming from the same part of the 
arc but not interrupted, and representing therefore the mean 
value of the light emitted from that selected area of the arc. 
Observers were deputed to measure all the various quan- 
tities by the different instruments, and a power of constant 
definite amount was supplied to the electric arc from an 
alternating-current machine driven by a continuous-current 
motor. By means of the carbon resistance and the reflecting 
wattmeter this power was kept constant at a selected value 
for a sufficient time to enable all the various periodic quan- 
tities to be observed at sufficiently frequent intervals during 
the phase. In all cases the arc was allowed to burn quietly 
for half an hour to get the carbons into a constant position 
before any observations were taken. It is hardly necessary 
to go into the details of delineating the current and electro- 
motive-force curves, as the process of doing this is now well 
understood. The Kelvin vertical multicellular voltmeter, 
having a half microfarad condenser placed across its ter- 
minals, was employed for the measurement of the potential 
difference of the carbons in the following manner :— 

The voltmeter, with its associated condenser, was connected, 
through the contact-maker driven by the shaft of the alter- 
nating motor, to the carbons of the arc; the contact-maker 
thus closed the circuit at a certain instant during the phase, 
and the voltmeter gave the instantaneous value of the potential- 
difference of the carbons. In series with the arc was placed 
a non-inductive resistance of suitable magnitude. A switch 
was arranged so that the voltmeter with the condenser in 
parallel with it, both being in series with the revolving 
contact-maker, could be put across either the terminals of 
this non-inductive resistance, or else between the carbons of 
the arc. By rocking over the arm carrying the spring- 
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brushes of the contact-breaker, the voltmeter circuit was 
closed at a particular instant during the phase, and the volt- 
meter reading gave therefore, when corrected, the instanta- 
‘neous value either of the potential-difference of the carbons 
or the instantaneous value of the current through the are. 
As the Kelvin multicellular voltmeter used by us only begins 
to read at 60 volts, in order to get readings for lower values 
than 60 volts, it is necessary to add a known electromotive 
force to the voltmeter circuit in order to block up the needle 
-of the voltmeter to a false zero. This was done by connecting 
a known number of small Lithanode secondary batteries, the 
potential of which was determined by the same voltmeter, in 
series with the voltmeter. In this way the series of obser- 
vations were successively taken of the following quantities :— 
First, the instantaneous value of the potential difference of 
the carbons taken at equidistant intervals throughout a com- 
plete period; secondly, the instantaneous values of the 
current through the arc taken throughout the complete 
period ; and, thirdly, the instantaneous values of the luminous 
intensity of a certain selected portion of the are taken at 
intervals throughout the complete period and expressed in 
terms of the true mean luminous intensity of the same portion 
of the arc at that time. These quantities having been obtained, 
it was then possible to plot them down in a series of curves, 
and to deduce therefrom curves representing the periodic 
variation of power through the arc, and the periodic variation 
of the resistance of the arc. Five sets of experiments were 
made, taken for different frequencies and different lengths 
of arc, each set comprising an observation taken with the 
light proceeding from the centre of the true are, and also 
an observation taken with the light proceeding from the 
centre of the crater of the lower carbon. The frequencies 
employed were 83, 50, and 26. In all cases the current 
was kept at 14 amperes (mean square value); the results 
of these observations are embodied in the following 10 tables 
arranged in 5 pairs. ‘Table I. A, for instance, gives the 
results of the observations taken with an are having a fre- 
quency of 83°3, the light being taken from the centre of 
the true are. Table I. B gives similar results of observations 
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for the same arc, the light being taken from the centre of the 
lower crater. By holding a magnet at the back of the are, 
noticing which way the instantaneous image of the true 
are was projected by the magnet, and noting the pole of the 
magnet presented to the arc, it was possible to determine 
when the lower carbon was positive and when it was negative; 
and the diagrams corresponding to the above 10 tables are 
marked so as to show the half of the wave when the lower 
carbon is positive and when it is negative, in all those 
diagrams which refer to the light coming from the crater. 
The results of the observations given in the 10 tables are 
delineated graphically in diagram in figs. 3 to 12; and on 
referring to these diagrams a periodic line will be seen in 
each, delineating the variation of the potential difference 
of the carbons, and another periodic line indicating the varia- 
tion of the current through the arc, whilst a third line indicates 
the periodic variation of the luminous intensity of the selected 
portion of the are. In the diagrams figs. 13 to 17 are given 
curves representing the periodic variation of the light from 
the crater in the various cases, and extending over several 
periods. It will be noticed that those diagrams represent- 
ing the periodic variation of the light from the are show 
that this light undergoes a regular fluctuation between a 
maximum and a minimum, the maxima having equal values. 
The light in the centre of the true arc never falls quite to 
zero. This seems to be due to a little luminosity which 
hangs in the interspace between the carbons, but at the 
present moment it is difficult to say whether this persistence 
is due to a very small admixture of stray light (although 
every effort was made to keep this. out), or to a persistence 
of the illuminating-power of the incandescent vapour in which 
the arc has been formed. On examining the true are during 
its complete periodic variation, it is found that the blue 
or purple strip of light forming the true are undergoes a 
periodic variation in intensity. As far as the eye can judge, 
the blue or purple light completely vanishes at a certain 
instant during the phase; but there is, outside the true are, a 
dim halo of golden light which is persistent; and it is therefore 
probably on account of this persistent aureole of faint light 
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round the true arc that the ordinates of the curve representing 
the periodic variation of the luminous intensity of the arc 
never become zero, but always indicate the outstanding 
constant amount of light. On the other hand, in the diagrams 
which represent the periodic variation of light coming from 
the centre of the crater of the lower carbon, we find the 
luminous intensity of the crater varies between a minimum 
value and two maximum values of different magnitude. 
During the time when the crater is positive it reaches a higher 
maximum intensity of illuminating power than during the time 
when it is negative, and, moreover, the curve representing 
the periodic variation of light rises more steeply than it 
comes down, which indicates a slow cooling of the carbons 
after they have been heated ; in other words, they heat more 
quickly than they cool. This is particularly noticeable in that 
part of curve corresponding to the crater being negative; and it 
is only what would be expected, because after the carbon has 
reached its negative maximum and is beginning to cool, the 
opposite carbon is cooling from a condition in which it has 
been positive, and as it has been heated to a higher tempera- 
ture than the negative carbon, it must assist by its radiation 
in keeping up the temperature and retard the cooling of the 
negative carbon. These diagrams will also show many other 
interesting facts: they show, for instance, that in the case 
of the long arc the self-induction of the arc is more marked 
than when the short arc is employed, and in that case there 
is a very distinct lag of current behind the potential 
difference. 

It may also be noted in comparing the diagrams V. B and 
IV. B in figs. 12 and 10, which represent the curves for arcs of 
the same frequency but of lengths 1:2 centim. and °32 centim. 
respectively, that in the case of the long arc there is no lag of 
light behind power as far as regards the points of maximum 
when the carbon is positive, but in the case of the short arc 
there is a sensible lag. ‘This inight be expected to be the 
case, because for a long arc the influence of the opposite 
carbon in keeping up the temperature of .its neighbour as this 
last is cooling is less felt than in the case of a short arc. 
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Broadly speaking, the facts may be summed up as follows :— 
The purple light of the true arc undergoes a periodic varia- 
tion, and, as far as the eye can judge, is completely extin- 
guished during a certain interval during the phase ; it has 
equal maxima values during the period, at instants slightly 
lagging behind the instants of maximum power-expenditure 
in the are. On the other hand, the illuminating-power of the 
carbon crater varies between a minimum value and two maxima 
of unequal values ; the greatest maximum occurring when 
the carbon is positive and at an instant slightly lagging behind 
the instant of maximum power-expenditure in the arc. A 
series of curves are also given (see figs. 18, 19, and 20) 
in which the periodic variation of the current, potential 
difference, power, and apparent resistance of the arc for 
various powers and frequencies are represented ; and it will 
be seen from these curves that the resistance of the arc, 
including in this any counter electromotive force which may 
exist, varies periodically, the resistance being a minimum 
when the current is a maximum, and vice versa. 
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TABLE I. A. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from centre of Arc. Short Are. 


Brequoncy 257 abe Tei eee 
Length of arc. . . : w= +0 55m: 
Perental-diltcroiies (P: D.) of ae ! igo eotes 
(mean square value) . . .. , 
Current (mean square value). . ... = I4amperes. 
Power expended inare. . . . . . =0946 watts. 
Pressure at alternator terminals . . . =104°5 volts. 
i Current P.D. Intensity of 
ngle of through Are of Carbons Angle of Tiokertrous 
Phase. (instantaneous | (instantaneous Phase. 8 Aes 
yalue). value). : 

0 26 38 
20 38 23 
40 + 56 +20:2 58 16 
60 + 07 + 02 76 6 
80 — 37 -- 242 80 16 
100 — 97 —3845 102 24 
120 ’ —16:2 —38°0 132 47 
140 —20°3 —43°0 146 60 
160 —21-0 —448 156 56 
180 —18-4 —43°5 168 68 
200 —13:0 —32°5 176 57 
220 — 62 —19:2 196 48 
240 — 04 + 19 202 3l 

260 + 42 +25°5 242 il 
280 +10°2 +381 252 19 
800 +163 +40°8 274 12 
820 +20°0 +465 304 50 
340 +20°4 +483 320 * 58 
360 +18°4 +50°5 326 55 
340 65 
346 63 
356 68 
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Tassie I. B. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from Crater.. 


Frequency. .-. . 
Length ofare. . . 


(mean square value) - 


. 


Dn ae Cex D.) of oatbons 


Current (mean square value) . 
Power expended in arc . 
Pressure at alternator terminals . 


Short Are. 


™ J = 


Saito 
0°42 cm. 


36 volts. 


14 amperes. 


= 504 watts. 


98 volts 


Current 
Angle of through Are 
Phase. (instantaneous 
value). 
0 +16°5 
20 +10°2 
40 + 31 
60 — Ill 
80 — 54 
100 -—13:4 
120 -—18-7 
140 — 20:4 
160 —19°8 
180 —15 
200 — 88 
220 — 33 
240 +.1°5 
260 + 6:3 
280 +130 
300 +187 
320 +215 
340 +21:2 
360 +165 
160 —19°8 
140 —20°3 


Intensity of | 


P.D. 
of Carbons Angle of Light from 
(instantaneous Phase Crater of 
value). lower Carbon. 
+42 12 60 
+25°3 33 345 
+102 53 28 
—14-2 74 31 
= 207 95 24 
—32'4 116 44 
—384 137 71 
—48:9 157 101 
-- 52:3 178 148 
—48-4 200 91 
—3l1 205 93 
—I1 226 61 
+114 247 42 
+26°4 268 315 
+349 289 41, 
+39°4 309 56 
4444 330 65 
+45'8 351 55 
119 163 
—49 
—48 
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Tasue IT, A. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from centre of Arce. Medium Arce. 


Frequency. <. Stile |. Ot I ei 20 ee 
hength of are... 0) sl ee a oe ees 
Potential-difference (P.D.) of carbons pS 30° Folks 
(mean square value) < ‘» -«) 0) eaae ; 
Current (mean square value). . . . = 14 amperes. 


Power expended in arc. .. . . . 2046 watts. 
Pressure at alternator terminals. . . = 99 volts. 
Angle peace, of eae Angle Intensity of 
of (instanta- (instanta- os = oe 
Phase. | neous value.) | neous value). Phase. | centre of Aro. 
0 +19°8 +44 10 44 
20 +141 +38°5 82 13 Arc out. 
40 + 63 +27 55 il nt . 
60 + 27 +10°5 Vite 18 
80 — 22 —16 100 4 
100 — 63 —36 122 45 
120 —13°5 —387°5 144 74 
140 —18:3 —47 165 68 
160 —198 — 54 187 52°5 
180 —19°5 —54 208 32 
200 —148 > —50 230 85 
220 — 79 — 384 252 9 
240 -— 19 —11:2 273 11 Are out. 
260 + 19 +138 294 26 aa 
280 + 72 +31 315 (71)? 
300 +126 +36 336 68 
320 +195 +40 356 425 
340 +21°7 +47°3 348 68 
360 +19°8 +46°3 327 45 


N.B.—Owing to an accidental shift of the brushes, in this table the arigle 
corresponding to the instantaneous light is not the same as that corresponding 
to the current. The position of the curve of instantaneous light with regard 
to the E.M.F., current, and power curves cannot therefore in this case be 
determined. 
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TaBLeE II. B. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from Crater. Medium Arc. 
Sq OCUCYEG, se 4. a), ou 4. et DO 


Dongiiehate: 5 ck. 3, oe 0 Oicm, 
Potential-difference of carbons (mean 
SUC VAIO) - gi 55> 5: os 5 ee MESSE V oleae 
Current (mean square value) . . . . = 14 amperes. 
Power expended inare’. . . . . . =582 watts. 
Pressure at alternator terminals. = 96 volts. 
Current 1PAD. Intensity of 
Angle of through Are of Carbons Angle of Light from 
Phase. (instantaneous | (instantaneous Phase. Crater of 
value). value). lower Carbon. 
0 56 
20 43 
30 + 63 ee17, 40 45 
50 — 05 — 25 60 32 
70 — 389 —22 80 39 
100 52 
120 137 
140 2707 
160 277 
180 227 
190 = 113 200 165 
210 — 55 —22 220 63 
230 + 01 ms 240 64 
250 + 42 +16 260 61 
270 +11 +28'4 280 78 
3800 85 
820 72 
340 . 87 
360 (37)? 
310 69 
320 75 
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Tapue IIT. A. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from centre of Arc. Medium Are. 
Frequency =~ ¥.0 mn cs a ee = ee 


Length of are ss Sie re ge oe es ee nee 
Potential-difference (P.D.) of carbon i "oa oe 
(mean square value). ..... eee Sia 
Current (mean square value). .-. = 14 amperes. 
Power expended in arc Ae =518 watts. 
Pressure at alternator terminals ices ocuv Ones. 
Anglo | surough Are | of Carbone || ARS | Tight fom 
Phnde. (instanta- (instanta- Base Centre of 
neous value). | neous value). Are. 
0 419 448 7 45 
20 4125 4395 28 26 
40 + 58 +21°5 49 6 Are out. 
60 + 0:5 + 2°5 71 12 Se 
80 — 22 —22'5 92 7 % 99 
100 — 97 —24 114 14 Are just starting. 
120 —168 —345 136 67 
140 —19°5 —45°5 158 71 
160 —21°8 —47°5 180 66 
180 —19°3 —50 202 24 
200 —115 —42 224 19°5 Are out. 
220 — 48 92 246 4 Pe 
240 — 05 =a 268 8 : a 
260 + 20 +17 290 22 
280 +108 +26 312 40 
300 +158 +36 338 BT 
320 +20°7 +475 354 75 
340 4213 +50 15 58 
360 +19 +48 
340 +21 +51 345 62 
820 +20 148 323 70 
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Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from Crater. 


Frequency . 
Length of are . 


. . 


° ° 


Potential- difference 


(mean square value) « 
Current (mean square value) 
Power expended in are 


(P.D.) of carbon 


f cartons) 


° 


Pressure at alternator terminals a 


Medium Are. 


=) KS as, 
= 0°63 cm. 


= 39 volls. - 


= 14 amperes. 
= 546 watts. 
= 62 volts. 


Current 
Angle of through Arc 
Phase. (instantaneous 
value). 
0 +18 
20 +143 
40 + 67 
60 + 1 
80 — 12 
100 — 5 
120 —17°5 
140 —182 
160 —20°6 
180 —20 
200 -l1 
220 — 5 
240 -— 1 
260 + 2 
280 + 85 
300 +14 
320 +19 
340 +22 
360 +21 


121): 
of Carbons 
(instantaneous 
value.) 


+52 
+55 
+245 
+ 45 
ol 
il 
—37 
Ay 
—52 
— 54 
AT 
—25°5 
— 55 
+15 
+30 
+40 
+45 
+53 


Intensity of 
Light from 
Crater of 
lower Carbon. 


64 
77 
46 
42 
43 
52 
64 
145 
285 
310 
260 
200 
119 
87 
50 
104 
110 
130 
120 
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Tasue LV. A. 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from centre of Are. 


Brequency 22. 2 
Length of are . . F 


PROF. FLEMING AND MR, PETAVEL: ANALYTICAL 


Potential-difference (P.D.) of carbons. _ a6 volts 
ie : 


(mean square value) . . 
Current (mean square value) 
Power expended inare . 
Pressure at alternator terminals 


Current PD 
Angle of through Are of Carbons 
Phase, | (instantaneous | (instantaneous 
value). value). 
0 +184 +41°4 
20 +138 +384 
40 + 57 +21 
60 + 06 — 86 
80 — 6 —22 
100 —131 —25 
120 —19 —43 
140 —19 —46°5 
160 —183 —49 
180 —14-4 —46 
200 —102 —446 
220 — 50 —20 
240 + 11 + 68 
260 + 86 +22°6 
280 +145 +29 
300 +189 +876 
320 +22°1 +406 
340 +203 +44 
360 +181 +42°6 
340 4+21°5 +454 
320 +211 +40°4 


Short Are. 
wee ge 
eer: = 0°32 cm. 
és hge i Sue amperes 
. . « =504 watts. 
Se 2 COnVOltss 
[Intensity 
Angle of ee 
Phase from 
* | Centre 
of Are. 
12 28 
34 15 
56 24 ~~ |Are going out. 
78 13 Arce out. 
100 14 Arc out, 
122 18 
144 28 
166 20 
188 26 
210 Wey 
232 15 __‘|Are going out. 
253 6 |Are out. 
274 4  |Are out. 
296 16 
317 26 
338 OEY Ihe 
360 30 
350 29 
328 23 
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Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from Crater. Short Are. 
EReQMONCY =: 4 3... = 50~ 
Length of are | sooo. % : su peat O32 .enm: 
Potential: difference of bee (ase pat 

square value). . . . } By vores 
Current (mean square value) . . . = 14 amperes. 
Power expended inarc . . . . . =532 watts. 
Pressure at alternator terminals . . = 93 volts. 
Current Intensity of 
Angle of through Are Angle of Light from 
Phase. (instantaneous Phase. Crater of 
value). lower Carbon. 
0 
20 +131 20 61 
40 + 7:2 41 56 
60 + 08 63 45 
80 — 50 84 58 
OO Sega ) peeecese ss 105 51 
DE eel a scenp see 126 101 
= ST Peetercot 148 220 
GOD eee ies -oeceaetes 170 227 
USES = EP aeaancann 191 216 
PRUE Els 9 iicaxtecane 212 lil 
220 — 63 232 64 
240 — 04 253 73 
260 + 46 273 66 
280 +126 294 63 
300 +176 815 717 
320 +19:0 335 60 
340 eesdetons 359 63 
SOOM a) feareccesc. 338 78 
317 88 
36 79 
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TABLE WtrAS 


Observations on the Periodic Variation of the Intensity of the 
Light of an Alternating Current Are. 


Light from centre of Arc. Long Are. 


Mrequeney. “wa. 7. ot oe ee Omer 

Tength-ofare= “2 « so 2 2 s. = Teicee: 

Potential-difference (P.D.) of aa 53 ae 
(mean square value) . . .. . . 


14 amperes. 


Current (mean square value). . . - 


Power expendedinare . . . . . =742 watts. 
Pressure at alternator terminals. . . = 88 volts. 
Current -P.D. TFotenstvict 

Angle through Arc of Carbons Angle Licht eae 

of (instan- (instan- of ci 
Phase. taneous taneous Phase 

value.) value. ) of Are. 
0 +20°4 +58°6 10 40 

20 +159 +486 bl 44 

40 + 8-4 +26°4 52 9 

60 + 07 — 76 76 12 Are out. 

80) — 36 —46 98 19 ee 
100 — 81 —53°6 120 24 

120 —15:1 —63°6 142 72 

140 —18°6 — 676 164 50 

160 —19°6 —68 187 63 

180 —176 —67 209 44 

200 —126 —53°6 232 12 Arc out. 
220 — 56 —21 253 7 a 
240 — 06 +24 275 ai ee 
260 + 44 +47 297 34 

280 + 84 +53 320 62 

800 +17°4 +55 343 87 

320 421-4 4+59:6 348 63 

340 +23°4 +596 326 738 

360 +20°4 +556 
, 340 +22°4 +59°6 
320 4214 +586 
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} Light from Crater. 


Frequency 
Length of are 


Potential-difference (P.E.) of carbons 


TABLE V,B. 


Observations on the Periodic Variation of the Intensity of the 
‘ Light of an Alternating Current Are. 


(mean square value) 


Current (mean square value) 


Power expended inare . 


Pressure at alternator terminals 


Long Are. 
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50 ~. 
ie? Fen 


53 volts. 


14 amperes. 


= 742 watts: 
= 93 volts. 


120 
140 
160 
180 
200 — 
220 
240 
260 
280 
300 
320 
340 
360 


Current 
through Are 
(instantaneous 
value). 


— 65 

0-0 
+ 44 
+10°4 


Angle of 
Phase, 


. 859 
- 18 
36 
53 
70 
87 
105 
123 
142 
160 
179 
199 
218 
238 
257 
277 
296 
315 
334 
340 


Intensity of 
Light from 
Crater of. , 

lower Carbon. 


101 


107 
120 


Fig. 3. 


The ordinates of the firm line marked “ Light Curve ” represent the peri- 
odic variation of illuminating-power of the centre of the drwe are of an 
alternating-current arc. The other curves marked E.M.F., Current, and 
Power represent the variation of potential difference of the carbons, 
current, and power in the are. Carbons, 15 mm. cored; ~ = 83°3 ; 


amperes=14; volts =39; length of arc, 0°55 cm.; volts at alternator 
terminals=104. (See Table I. A.) 
Fig. 4.—Intensity of Light from Crater, 


Volts 


Frequency =83'3~, Length of arc=0:42 cm, (See Table IB.) 
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Fig. 5.—Intensity of Light from Are, 


Length = -63cm / 
Frequency = 50-~ ? 


See table ITA i 
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Fig. 6.—-Intensity of Light from Crater, 


\ 


/ 
/Carbon Negative 


90 1g0 
Angle of Phase 


»—> 
Time 


Trequency=50~, Length of are=0:63 em. (See Table II. B.) 


om 


9s 


of Amperes 
2 
fo) 


Scale 
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Fig. 7.—Intensity of Light from Centre of Are. 


Frequency = 26—~ 


Length of arc= 0.63cm 
See table I A 


160 


0 


Scale of Volts 


of Amperes 


Scale 
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Fig. 8.—Intensity of Light from Lower Carbon, 


Frequency = 26 
Length of Arc = 0-63cm 


See table IMB 


60 180 200 220 240] 260 280 500 320 340 3/60 


Scale of Volts 
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Fig. 9.—Intensity of Light from Centre of Are. 


‘ 


Frequency =26 ~ 
Length of Arc = 0:32cm 


79 


See lable IVA 
20 


50 


a 40 
a ° 
= wn 
BA a= 
= = 
<= ol b 30 5 
oS a 
2 3 
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WY 


20 40 4d 60 100 ico 140 160 “180 200 220 240 260 280 300 3520 40 3KO 
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Fig. 10.—Intensity of Light from Centre of Arc. 


Frequency=50 ~. Length of are=032 em. (See Table IV. B.) 
Fig. 11.—Intensity of Light from Centre of Are. } 


Amperés 


Frequency=50 ~ Length of are=1-2 cm, (See Table V. A.) 
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Fig. 12,—Intensity of Light from Crater, 


Carbon Positive 


Angle of Phase 


Frequency=50 ~. Length of are=1:2 cm. (See Table V.B.) 
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Fig. 18.—Curves of Current, Potential Difference, Power, and Resistance 
of 8360 Watt Alternating Current Are. 
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Fig. 19.—Curves of Current, Potential Difference, and Power of 500 
Watt Alternating Current Arc. 
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Fig. 20.—Curves of Current, Potential Difference, Power, and Resistance 
of 600 Watt Alternating Current Are. 
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The second portion of the experimental work here recorded 
consisted in an investigation of the efficiency of the alternating- 
current arc as a light-giving agent, when compared with the 
continuous-current arc taking up the same mean power. The 
question in all its generality, whether alternating-current ares 
are less efficient as light-giving agents for a given amount of 
power expended in them than continuous-current ares absorb- 
ing the same power, is not one which we have attempted to 
settle, for the simple reason that a far more extended series of 
experiments would be necessary before it would be possible to 
say whether an alternating-current arc can or cannot be made 
to give the same mean spherical candle-power as a continuous- 
current arc absorbing the same mean power. Limitations of 
time compelled us to reduce our investigation to one definite 
problem. Taking alternating-current arcs, formed with the 
length, voltage, and the current and the carbons as described 
below, and taking continuous-current arcs also with the length, 
current, and voltage and carbons most usually employed in 
practice, we have investigated the relative magnitude of the 
mean spherical candle-power produced by these ares for equal 
expenditure of powers in the ares varying from 200 to 600 
watts. This, it will be observed, is an investigation which has 
nothing whatever to do with the relative mechanical or elec- 
trical efficiency or excellence of the arc-lamp mechanisms, but 
it is purely a physical measurement made of the two ares them- 
selves under the conditions which are found to obtain in 
practice. In order to settle this question, an alternating- 
current arc lamp was taken with good regulating qualities ; 
it was furnished with cored carbons 15 mm. in diameter, and 
being placed under the conditions above described, in which 
the power supplied to the are could be regulated and mea- 
sured, a series of observations was made of the mean spherical 
candle-power of the are for different powers expended in the 
are and for two frequencies of 83°3 and 50~. A similar set 
of experiments was made with the continuous-current are, 
using in one case the same carbons—15 mm. carbons, both 
cored—and in the other case the positive carbon 15 mm. cored 
and a negative carbon 9 mm. solid, These sizes were chosen 
because the 15 mm. cored and 9 mm. solid sizes are those that 
are frequently employed in continuous-current are lighting. 
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The arrangements for obtaining the mean spherical candle- 
power consisted of a mirror—the coefficient of reflexion of 
which had been determined—which was employed to reflect 
the light from the are proceeding in different directions to the 
horizon into the photometer, the ray always falling upon the 
mirror at an incidence of 45°. The standard of comparison 
was an incandescent lamp, which was worked at rather a high 
temperature in order to diminish the difficulty of making the 
photometric comparison by diminishing as much as possible 
the colour-difference in the lights compared. This incan- 
descent lamp was kept constantly standardized against another 
standard incandescent lamp worked at a rather lower tempe- 
rature. The means of comparison was a Suge’s Star Disk 
Photometer. It was found that by focussing the eye to a 
point rather nearer the eye than the images of the Star Disk 
as seen in the two mirrors, the difficulty of discriminating 
between a small difference in the brightness of the two images 
in spite of a small colour-difference was to a great extent dimi- 
nished. We abandoned as perfectly useless any comparison of 
the two lights in terms of red and green candle-power. By 
the employment of the reflecting wattmeter and carbon resist- 
ance as above described, it was perfectly possible to keep the 
power expended in the are constant to a certain number of 
watts throughout long periods. In the case of the alternating- 
current are lamp experiments, the alternating-current arc lamp 
was turned round its vertical axis so as to take a series of 
observations quickly in different directions, but at the same 
angle to the horizon, and the mean of these observations was 
taken as the effective illuminating-power in any angular 
direction ; at the same time, the current through the are and 
the potential-difference of the carbons were observed. These 
observations having been taken, involving many hundreds 
of photometric measurements, the results were set out in a 
series of photometric diagrams, as shown in figs. 21 to 24, which 
delineate the respective form of the photometric curves for the 
two ares and for different wattages expended in the arc. These 
photometric diagrams were then integrated, and the mean 
spherical candle-power calculated in the usual way by means 
of a Rousseau’s diagram, and finally the results embodied in 
one complete table and diagram, as given below (pp. 160, 161). 
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Fig. 23,-- Photometric Curves of Alternating Arc Lamp ~ 83:3. 
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The results in the Table are graphically embodied in the 
diagram ‘iin fig. 25, from which it will be seen that, taking the 
alternating-current are as employed, the total mean spherical 
candle-power is always considerably less than that of a con- 
tinuous-current arc, taking the same mean power. Lowering 
the frequency seems to increase the efficiency of the alter- 
nating-current arc, as one might naturally assume it would 
do, and it is obvious that increasing the diameter of the lower 
carbon of the continuous-current arc would diminish its total 
mean spherical candle-power at any given wattage. This 
table and diagram therefore, we think, settle the question 
that for a given expenditure of power in the arc a greater 


Fig, 25. 
(From ‘ Electrician,’ Dec. 20, 1895, p. 247.) 


800 


Mean Spherical Candle-Power of Arc ° 
(White Light) 


True Power in Watts Expended in the Arc. 


amount of mean spherical illumination can be obtained, if that 
power is supplied in a continuous-current form than if it is 
supplied in an alternating form. It has been suggested that, 
with proper carbons and under proper conditions, the alter- 
nating and continuous-current arc should give the same mean 
spherical candle-power for the same expenditure of power, as 
has been shown to hold true in the case of the incandescent 
lamp by the investigations of Profs. Ayrton and Perry. We 
think, however, that no & priori reasoning can apply in the 
case of the arc. It is perfectly clear that, owing to the 
VOL. XIV. M 
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interval of cooling that elapses, the mean temperature of the 
two carbons in the case of the alternating-current arc must 
be less than the temperature of the positive crater of the 
continuous-current arc, and that therefore the result we have 
obtained is only what might be expected. If the question is 
asked, how do we account for the difference in efficiency ? the 
answer must be that the energy absorbed in the case of the 
alternating-current are is radiated at a lower temperature, 
and the two ares were therefore exactly in the same condition 
as regards comparison that two incandescent lamps would 
be, both taking the same total power but worked at different 
temperatures, and therefore different watts per candle, and 
therefore giving different mean spherical candle-powers with 
the same total power expended in them. 

It may be observed in all cases the alternating-current arcs 
we employed in our experiments took 16 to 17 amperes, and 
the power was varied by varying the potential-difference of 
the carbons, and the alternating-current arc lamp used was 
one which effected this variation automatically, even although 
the power expended in the arc was varied from 200 to 600 
watts. In order to complete the comparison of the continuous 
and alternating-current arcs, it will be necessary to compare 
the behaviour as regards illuminating-power of alternating- 
current arcs, taking the same mean power but formed with 
larger currents and less carbon potential-differences ; that is 
to say, comparing alternating arcs of equal power-absorption, 
but taking very different currents and therefore having dif- 
ferent lengths. We hope to extend this investigation to 
cover these additional questions at some future time. 

The above observations have necessitated an enormous 
number of photometric and electrical measurements, and we 
have in the above work been very efficiently aided by Messrs. 
L. Birks, W. H. Grimsdale, A. M. Hanbury, BE. N. Griffiths, 


and others, to whom our thanks are due. 


Discussion. 

Prof. AykTon said the behaviour of the alternate-current 
arc was of great interest, for the power supplied could not 
be measured by simply multiplying the current by the elec- 
tromotive force, since the current lags behind the volts, 
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The resistance, 7. e. the ratio of the current: to the. EB. M.-F 
also lags, but the authors do not appear to have made any 
attempt to measure the true resistance. The authors were 
to be congratulated on the guarded tone they had adopted as 
to the bearing of these experiments on the question of the 
relative efficiency of the alternating and continuous current 
ares. Ina previous communication, one of the authors had 
stated that the alternating-current arc must necessarily be 
a less efficient light-producing agent than the continuous- 
current arc. Although the last set of curves given in the 
paper might appear to support this supposition, he (Prof. 
Ayrton) felt that the difference obtained was probably due 
to the fact that the alternating-current arc was not being 
worked under proper conditions. The quality of the carbons 
and the length of the arc havea most important influence 
on the etticiency of an arc. At present, our knowledge is 
not sufficient to allow of our stating definitely whether or 
not an alternating-current arc can be made as efficient 
as a direct-current arc, but there is no doubt that it will 
be possible to get- much better results than are at prea 
attainable. 

Prof. S. P. THompson said that when the fact of the ex- 
istence of the difference in phase between the current and 
volts in an alternating are was first published, he made some 
experiments which showed that there was a lag, and not a 
lead, ¢. ¢., that the arc acted as if it possessed self-induction. 
The resistance also lagged, and he thought this lag might be 
due to a thermal lag. The temperature of the are will lag 
behind current, both when it is increasing and when it is 
decreasing ; ate if the resistance of the arc depends on the 
temperature of the vapour in the arc, then the resistance 
would also lag behind the current. It was not possible from 
a@ priori reasoning to say whether or no an alternating-current 
are could ever be obtained of an efficiency equal to that of 
the direct-current arc. With suitable carbons, length of arc, 
current, and volts, it seemed to him that it might be possible 
to obtain an equal efficiency. The light-giving process in 
an are is not merely an irreversible degradation of electric 
energy into heat ; for the difference of potential between the 
carbons may be written V=a+ Col ; where a may be regarded 

M2 
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as a back electromotive force, and b/ as a true resistance. 
The first term of this expression does not vary with the length 
of the arc (1), but the second term does. Multiplying through 
by the current (C), the equation 


Watts expended =Ca + O70] 


is obtained. It is the first of the terms on the right-hand 
side, which is a reversible effect, and corresponds to the power 
expended in driving the current against a back electro- 
motive force, on which the light given out chiefly depends, 
due to something occurring at the crater surface. 

Mr. Buakestuy asked whether Prof. Thompson’s idea of 
the existence of a reversible part in the process was not a 
strong argument in favour of the direct-current arc. 

Prof. Ayrton said that in two communications made to 
the Congress held at Chicago it was shown that even with 
direct-current arcs there was a certain length of are for which 
the efficiency was a maximum. Mrs. Ayrton had quite 
recently found that the efficiency of arc-lamp carbons altered 
with time. Prof. Thompson’s suggestion as to a thermic lag 
was a valuable one. 

Prof. FLemine, in bis reply, said that when comparing 
two agents where there were so many variables, it was prac- 
tically necessary to restrict the investigation. In their case 
they had kept the mean power constant and had left the other 
variables to take care of themselves. 


XII. On some Huperiments with Incandescent Lamps. 
By Sir D. Satomons.* 


[Abstract. ] 


A LARGE electro-magnet is excited by means of a continuous 
current, while an alternating current is passed through an 
incandescent lamp. On bringing the lamp near the magnet 
the filament is set in vibration, which, if the lamp is brought 
sufficiently near the magnet, is sufficiently intense to break 
the filament. The number and position of the nodes formed 
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in the vibrating filament are found to be independent of the 
natural period of the filament, but depend on the frequency 
of the alternating current. 


Discussion. 


Prof. S. P. Taompson asked whether it was not found 
that the number of segments into which the filament is 
divided depend to some extent on the natural period of the 
filament. | 

Prof. Ayrton said that the magnetic leakage was very 
large with the arrangement adopted, and he would like to 
know whether this method was a more sensitive one for 
mapping out the field than those ordinarily employed. In 
an instrument designed by Prof. Perry and himself, an alter- 
nating current was passed through a wire stretched between 
the poles of a magnet, and the tension of the wire was 
altered till the vibrations set up were a maximum. The 
natural period of the wire, and hence the frequency of the 
alternating current, was then deduced from the tension, &c. 
In Prof. Hwing’s magnetic-curve tracer, on the other hand, 
the natural period of the stretched wire was made as dif- 
ferent as possible from the period of the alternations which 
were to be observed, so that the natural vibrations of the 
wire did not influence the result. The author’s arrangement 
appeared to him (Prof. Ayrton) to be intermediate between 
these two, and it would seem that the natural period of the 
filament would, to a certain extent, influence these results. 

Prof. Perry suggested that the lamp might be held in a 
very steady support, so that after the large vibrations due 
to the natural period of the filament had died out, the vibra- 
tions of the period of the alternations alone could be observed. 
Sir D. Satomons, in his reply, said that the arrangement 
was not intended for making measurements. A lamp had 
been fixed in a steady clamp and the current passed for 
many hours, but the character of the vibrations remained 
unaltered. He had found the vibrating filament useful for 
microscopic work where any surface rather than a line of 
light was required, © iiog ag 
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Mil, An Addition to the Wheatstone Bridge for the Deter- 
mination of Low Resistances. By J. H. Runves, I.A., 
City and Guilds of London Central Technical College *. 


Waite it can be assumed with fair certainty that even 
in moderately equipped laboratories there will be found one 
sensitive galvanometer and a good set of resistance - coils 
arranged in the form of a Wheatstone bridge, it is by no 
means so common to find a convenient method for deter- 
mining low resistances, such as, for example, a Kelvin 
bridge. The piece of apparatus which forms the subject of 
this paper is a comparatively cheap addition to the ordinary 
bridge, and enables the resistances of exact metre-lengths of 
even thick wires to be directly measured with almost as much 
ease as larger resistances can be determined with the ordinary 
Wheatstone bridge. The method also possesses the advantage 
that all the measurements are made in terms of a standard 
wire with fixed contacts, and, therefore, not subject to the 
wear which accompanies the frequent use of a slider ; further, 
in the case of copper wires no temperature-correction is 
needed. ‘ 

The apparatus is represented in fig. 1. On a mahogany 


Fig. 1. 


baseboard are stretched close to one another two wires—one, 
ABCD, being the standard of comparison, while the other, 
EFGH, is the wire to be tested. 

A and E are two massive pieces of brass which can. be 
joined together by a plug P. D and H are smaller. pieces of 
brass with binding-screws attached. } 

The standard BOC is permanently fixed to A and D, whilst 
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two clamps F and G fixed respectively to E and H form the 
means of fixing in its place the wire to be tested. 

KL and NM are two brass springs which pass over but do 
not touch BC, They are provided with binding-screws at 
K and M, and with two knife-edges L, N exactly one metre 
apart, which press on the wire FG when in position, while 
two screws S, 8’ will raise the springs when required for 
inserting or removing this wire. 

At points B, C in the standard are soldered two short 
lengths of wire terminating in binding-screws Q and T. The 
gauge of the standard wire, which is of copper, and the 
distance apart of B and C are so chosen that the resistance 
between B and C is 0:01 ohm at the temperature of the wire 
at the time of its final adjustment, which should be noted. 
The method of determining these points is given later on. 

The arrangement is a variation of the Kelvin bridge, with 
this difference : that in the latter the measurements are made 
by varying the length between the knife-edges of sliders 
which press on the standards, of which several are required : 
whilst in the former only one standard resistance is employed, 
and the measurements are effected by the alteration of the 
other resistances in thearrangement. If the whole apparatus 
had to be bought, the Kelvin bridge would be the cheaper, 
but the new Addition utilizes the box of coils, which as before- 
mentioned is sure to be available, and only requires in addition 
one standard to be made and adjusted. 

The theory of the Kelvin bridge is to be found in the text- 
books. In Gray’s ‘Absolute Measurements,’ for example, 
vol. i. p. 359, it is proved that if fig. 2 represents the usual 
arrangement, and, if R, 7, x, y, 4, b, s are as marked, the 
following relationship must hold in order to obtain balance:— 
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Further, it is shown that when s is small selon with 
a and 6 fhe accuracy of the equation 


By 


Peale, 


is not affected by a small want of equality between the ratios 


5 and - 

In addition to the galvanometer and set of coils there is 
required a slide-wire bridge, which may be of a rough descrip- 
tion but should have a resistance of an ohm or so. At the end 
of the paper it is shown how this latter and the Addition 
can be united in one. 

The whole arrangement is joined together as shown in 
fig. 3, the dotted lines indicating the temporary connexions. 
By comparing this with figs. 1 and 2, no detailed description 
is necessary, as R, r, w, y, a,b, s are lettered to correspond. 


The battery may with advantage he a storage-cell with two 
resistances in series with it. One, p, may be an adjustable 
carbon resistance, while p! may be constructed of wire and 
should have a considerable resistance. This latter terminates in 
mercury cups m and n, so that by joining these cups together 


with a short connector the resistance can be easily short- 
circuited. 
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The resistances « and yare resistances unplugged from the 
box of coils forming the ordinary Wheatstone bridge ; y is 
the 1000-ohm coil of one of the ratio arms, and 2 is in the 
adjustable arm. If sucha set of coils be not available, y may 
be any 1000-ohm coil, and # any box of coils containing 
resistances up to 5000 ohms. The two leads joining x and y 
to B and B’ respectively should be as stout and short as 
possible. The resistances from d, d' to I form the ab of 
fig. 2. 

To make a measurement, insert the wire whose resistance 
is required in its proper clamps, taking care that it lies quite 
straight between them. . Its diameter and material being 
known, the resistance of one metre of it can be approximately 
calculated. Calling the resistance R,, choose 2, in the box 
so that : 

ch Ry 
1000 ~ 0°01° 


Remove the plug P, and, including p’ in the battery cir- 
cuit, obtain balance by shifting the slider I, the galvanometer 
being also shunted if necessary. The arrangement is now an 
ordinary Wheatstone bridge, ~~ 


b+r y e” 
oF = = 2 =< approximately. 


~ Next insert the plug P, short-circuit p’ so that now a 
‘strong current passes when the battery circuit is closed, and 
obtain balance by altering z. Let the new value be z,. Then, 


since approximately c= ay we have, by the formula quoted 
above, i 


R= % x7 very approximately. 


In any case this new value of R is very much nearer the 
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true value than the approximate value R,. If the value of # 
has to he but little altered, it may be taken as the true value 
of R, but if, on the other hand, the first estimate was con- 
siderably in error, and, in consequence, a large alteration 
has to be made in w in order to obtain balance, the much 
closer value thus obtained must. be taken as the first approxi- 
mation, and both experiments repeated. 

Now, since the wires are so close to one another, their tem- 
perature can be called the same, and, if the tested wire be of 
copper, their temperature-corrections are the same. There- 
fore, if R be a certain fraction of r at one temperature, it will 
be the same fraction at any other. But in the actual bridge 
on which the experiments described later on were first 
‘made, this temperature was 17°°7 C. Therefore, substituting 
numerical values in the last equation, 


ai : °, 
R= 7300 x 0l=a 100,000 ohms at 17°7 C, 
Of course, if R be not made of copper, the temperature 
must be noted and allowed for. 
The accuracy and sensibility of this method depend on 
three conditions :— 


(1) The accuracy of the ratio % 


(2) The accuracy of the value of 7 ; 
(3) The sensibility of the galvanometer. 


As far as condition (1) is concerned, # and y being taken 
from a good box have an error of certainly less than 0:1 
per cent, 

Condition (2) is discussed later, and the effect of condition 
(3) can be best seen by reference to tests made in the labora- 
tory of the Central Technical College with the apparatus 
arranged as in fig. 38, except that, at the start, the battery 
consisted of a gaple Dantell cell, the Ealvanomeise being a 
four-coil reflecting one having a resistance of 687 ohms and 
a sensibility of about 400 scale-divisions per microampere. 
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Taste I, 
Tests made on high conductivity copper, R= ———. ohms. 
No. of : : : Conductivity. 
wire. ean ter. |», Observation. R. Beoiks Specific Matthiessen’s 
S.W.G. mils. ravity. | Resistance. |" Gy a ndard. 
a 4324 | 4 div. deflexion left. era ey 
22 | 2807 4326 |Small ,, right. |'0-04325 | 8841 | 1-616 1003 
4328 -| 14 div. eee wight. 
(| 2618 | 1 sa elt. ees , 
20 | 355 4] 2620|Smail’ tert. | bo-oa621'| 9918 | 1-572 103-1 
| F9622 |adiv.. 3, right. | 
1421 | 4, poueleie: Se 
18 | 488 {| jane |] night. | [0014215] 8912 | 1-602 1011 
” ” o 
802 |3 ,, - left. | 
16 | 642 803 | ;, ” deft. | bo-008032} 8-907 | 1-872 103-1 
804 |2 ,, 45 right. | J 
515 | 23” » deft. |) 
14 | 801 516 |Small |, left. | 40005163} 8888 | 1-566 103'4 
B17 |tdiv.| ,, right. [J 
2 |tos2 {| 3s ]7’ »  yeent, | {0003145} 8904 | 1585 102-2 
” ” e 
— |1069 {| 35/4" 7” ‘ere, |}ooors1e) soso | 1580 | 1026 
— | 1038 { le ae eit | o003086] 8870 | 1-588 102'4 
— |r {| 30/7"  % Soke, |} 0008008) S801 | 1580 | 1026 


..Matthiessen’s standard has been taken to be a specific resistance (resistance 
per cubic centimetre at 0° C.) of 1-620 International Microhms. 


Towards the end of this table it will be seen that even a 
sensitive galvanometer ‘barely allowed an accuracy of 0:1 
per cent. The Daniell cell was therefore removed, and a 
small accumulator with a resistance of 2 ohms in series with 
it substituted. The last three wires were then again tested, 
and a marked improvement was at once seen, for now an 
alteration of 1 ohm in « produced a difference of deflexion of 
10-15 scale-divisions, thus giving the interpolated figure 
correct to the first place given, 2. ¢., R correct to 1 part in 3000. 

To further test the capabilities of this method,a strand 
cable composed of 7 copper wires, each of No. 16 S.W.G., 
was taken, the strands being flattened to pass under the 
springs, which had not been constructed for a wire of such a 
large diameter. The results, using the same cell and resist- 
ance, are shown in the next table. 
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‘Taste II. 
2. Observation. R. 
117 6 divs. deflexion left. 
118 iP walott: 0:001183 
119 os, » right. 


Here only 44 divisions correspond with a change in « of 
1 ohm: thus an error in reading of 4 division means an 
error in R of 0-1 per cent. The effect of using a still larger 
current was next tried, the 2-ohm coil being removed, and the 
two resistances p, p’ of fig. 3 substituted. An ammeter was 
also included in the battery-circuit, so that the actual current 
could also be measured. | 

Now, on passing a strong current both wires heat, and if 
the wire r has the smaller diameter it will heat the faster. 
Therefore its resistance will also increase the faster, and hence 
the resistance of the wire R will apparently diminish, and 
vice versa. In order to see how much this diminution might 


amount to, the resistance p! was short-circuited, and p was 


adjusted until the battery-current was 6 amperes, and the 
results are shown in Tables LIT. and IV. 


TaBueE III. 


With the current only continued long enough to measure 
the deflexion : current 6 amperes. 


x. Observation. R. 


118 3 divs. deflexion right. 


0:0011812 
119 23 |, » left, 
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Tasty IV. 


After the current had flowed continuously for 3 minutes : 
6 amperes as before. 


x. Observation. R. 
119 28 divs. deflexion left. 

118 4, 4 left. 00011784 
117 20s a3 right. 


The difference between these two results is about 4+ per 
cent., while the deflexions are more than sufficient for an - 
accuracy in R of 0:1 per cent. . 

A few days later these experiments were repeated with a 
current of 2 amperes. The slight discrepancy in the value of 
R was due to the fact that in the interval the cable, which 
was not quite straight, had been removed. On replacing it a 
slightly less length must have been included between the 
knife-edges. As, however, these experiments were being 
made solely to find the senszbelity of the measuring arrange- 
ment, no attempt was made to straighten it. The results are 
shown in Table V., experiment (a) being for the short dura- 
tion of current, and (6) the result after the current had flowed 
continuously for 3 minutes. 


TABLE V. 
Current 2 amperes. 


Experiment. x, Observation. R. 
119 16 divs. deflexion left. 
(2) 118 3... be 0:001178 
; 117 10m » right: 
(b) { 118 2 ie pa left; } 0:001177 
117 One » — ight, 


From the above results it will be seen, firstly, that 13 
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divisions correspond with 1 ohm difference in «x, thus making 
the fourth significant correct, in other words, an error in Ris 
less than 0° 1} per‘cent.; and secondly, the passage of a current 
of 2 amperes only produced in 3 minutes a difference of like 
amount. 

No larger cable was tried, nor was any wire smaller than 
No. 22 S.W.G., but between these limits an accuracy of 0°1 
per cent. was pails obtained so far as the sensibility of the 
method was concerned. 

The accuracy of the standard now remains to be considered. 
This can be best seen from a description of the method by 
which the correct length between the points B,C was de- 
termined. 

In order that this length might be of a convenient nana 
to suit the dimensions of the base-board, it should have been 
made of copper wire No. 17 8.W.G. ; but a piece of this gauge 
which was bought for the purpose proving unsatisfactory, a 
piece of No. 16 was taken and stretched till of the moans 
diameter. 

. One, Q B, of the two short arms of fig. 1, was soldered on, 
the other, T O, being left loose. The whole was then screwed to 
a rough board, and the wire annealed by passing through it 
a.current of about 50 amperes till it was too hot to touch and 
then allowing it to cool, the operation being repeated ten 
times. The arrangement represented in fig. 4 was next made. 


Fig. 4. 


i. _ — 


| 
A 


1 
eee ee 
M 


By following out this figure, it will be seen to be the same 
arrangement as fig. 8, except that now the place of the plug 
is taken by the gap P. The standard was a l-ohm coil of 
manganin Wire, constructed by Messrs. Nalder, Bros. Its 
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terminals rested in mercury-cups from which the various leads 
were taken, the ends of all wires dipping i in the mercury being 
freshly amalgamated. The leads joining the 10- and 1000- 
ohm coils together and to the binding-screws T and M respec- 
tively were short and stout. 

The arm TC was then put approximately in position, and 
good contact at C was maintained by pressure. To avoid 
thermoelectric effects this pressure was made with a piece of 
wood, and in order to see if any such effects were present a 
commutator, not shown in the figure, was put in the battery- 
circuit. It was then found that if balance had been obtained 
for one direction of the current, a reversal produced no appre- 
ciable deflexion, thus showing that this piece of wood had en- 
tirely prevented such effects. As a precaution, however, the 
current was reversed each time balance was obtained, and in 
no instance was any. deflexion caused by the reversal. __ 

The experiments were then conducted in the same order as 
before. With the gap open, balance was obtained by moving 
the slider I. The gap was then closed and balance obtained 
by altering the position of the arm TC. The gap was next 
opened, and the slider moved till again no deflexion was noted. 
This motion was very slight, and the alteration, after closing 
the gap, was not found to have produced any observable want 
of balance. The correct position of C was thus determined. 

In order to see with what degree of accuracy this position 
had been arrived at, the arm was shifted 1 millim. in both 
directions, and the want of balance was indicated by a de- 
flexion on either side of zero of one division; hence, as 
the length between B and C was over one metre, the error 
in the position of C was well under 0:1 per cent. 

The arm TC was then soldered to the wire, and the tests 


: : 2 at) 
repeated. - No deflexion was observable with the ratio 1000" 


but on adding a 1-ohm coil to the 1000, making the ratio 

10 
too 
flexion. The wire was then screwed in its proper place and 
there tested in a similar fashion with the same result, viz., 


the want of balance produced nearly 2 divisions de- 


with the ratio so no deflexion was noted, while with the 
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ratio 4 a deflexion of over 1 division showed the want of 
balance. A thermometer lying beside the wire indicated 
17°-7 C. Thus the resistance between B and C was 0°01 ohm 
at 17°7 C., with an error of less than 0°1 per cent.. ; 

Thus . all three conditions an accuracy of 0-1 per cent. 
was obtained. This simple apparatus is, therefore, capable of 
measuring the resistances of eiereedeaile of wires between 
the limits of No. 22 S.W.G. and a stranded cable of 7 
No. 16’s (and probably over a still greater range) with an 
accuracy throughout of O°1 per cent., an accuracy ee suffi- 
cient for all commercial purposes. 

- Although in the above simple form of The Addition a slide= 
wire bridge is necessary, it may happen that this latter is not 
available. At a slight additional cost this slide-wire can be 
made an integral part of the apparatus. In fig. 5 is repre- 
sented a rather more elaborate design. ‘The slide-wire is 


easily recognized. The contact-piece of the slider S must be 
made adjustable so as to be able to press on either part of 
this wire. The circle K represents an ordinary Wheatstone- 
bridge key. 

It will be seen that this design is very self-contained. All 
the connexions to be made consist of : a battery, with its 
supplementary resistance, to the binding-screws B, BI, a 
galvanometer to g and §, and two resistances Bibrtca Soy 
and Y, Z. The former, marked R,, is an adjustable ie 
of Ee and the latter, Rj, is a single coil of 1000 ohms 
reseiacees 
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Discussion. 


Prof. A. Gray (communicated) said that the author had 
in his arrangement combined the fixed standard employed 
in Matthiessen and Hocking’s modification of the ordinary 
bridge with the greater celerity of working arising from the 
smaller number of operations to be performed when the 
Kelvin bridge is used. Prof. Gray thinks that he, and prob- 
ably others, have used a method similar to that of Mr. Reeves, 
but that the paper is of great utility since it shows how time 
may be saved and existing apparatus utilized. 

Prof, Ayrton said that the advantaye of the method 
described Jay in the fact that it was independent of the re- 
sistances at the contacts. In Carey Foster’s method, however, 
the coils had to be interchanged, and inaccuracy might be 
introduced owing to the varying resistance of the mercury 
contacts. Unless the mercury cups and the copper plates at 
the bottom were cleaned every day, and the contacts re- 
amalgamated, the resistance of the mercury cups was very 
variable. With regard to the question of Matthiessen’s 
standard, it is to be remembered that the specific con- 
ductivity of copper has been steadily increasing. This 
increase was particularly noticeable in the copper prepared 
by the Elmore process, where, during the deposition of the 
metal, an agate burnisher is kept continually passing over 
the surface. Fitzpatrick had explained the rise in con- 
ductivity of copper by supposing that the density of the 
copper now supplied was greater than that of the copper used 
by Matthiessen, and this explanation seemed quite satis- 
factory. Mr. Reeves’s experiments, however, have conclusively 
shown that this is not the true explanation; it was now 
possible to obtain copper in, large quantity having a con- 
ductivity of 103 on Matthiessen’s scale. 

The Chairman (Prof. Cargy Foster) explained how, 
when using his method, the accuracy of the result depends 
not on the elimination of the small resistances at the mercury 
cups, but on the constancy of these resistances. Matthiessen 
and Dr. Russell found that the specific gravity of copper was 
apt to be low, on account of the presence of dissolved oxide, 
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and they were the first to pass hydrogen gas through the 
molten metal to remove this oxide. 

Mr. APPLEYARD gave a simple diagrammatic sketch of the 
author’s arrangement, and also pointed out that better results 
would probably be obtained with a galvanometer of 1 or 2 
ohms resistance. 

Mr. CampseLt said that it ought to be definitely settled 
whether Matthiessen’s standard was the conductivity per 
unit volume or per unit mass. Since copper was always 
bought by weight, he, as a practical man, strongly advocated 
the adoption of the mass conductivity ; further, in this case 
the measurement of the specific gravity would be avoided. 


XIV. On Kathode Rays. By Herr Puxus*. 
[ Abstract. | 


- Herr Putvs sent for exhibition some Réntgen photographs 


taken by means of a form of Crookes tube which he had 
described in a memoir published in 1889. With this tube 
he has succeeded in obtaining impressions with exposures 
of only two seconds. 

Herr Puluj considers that the particles of matter torn 
from the kathode, which convey negative electrostatic charges, 
by impact on the glass walls or on screens, equalize their 
electric charges, and in this process call forth not merely 
a disturbance of the material molecules, but also of their 
ether envelopes. Hach portion of the glass or screen bom- 
barded by the kathode stream becomes the starting-point of 
ether waves, which, according to their oscillation period and 
oscillation character, are either visible rays (phosphorescence) 
or invisible Réntgen rays. The oscillations of the invisible 
rays may take place in the longitudinal direction, but no 
convincing argument has up to now been brought forward 
to support this view. 
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XV. Note on Permeability to Rontgen Rays. 
By Messrs. AcKRoypD and Know es*. 


[Abstract. ] 


Tue Authors have exposed a plate on which a number of 
pieces of metal, oxides, and sulphates were placed to the 
Réntgen rays in order to see whether the permeability of 
bodies to these rays depends on the atomic or molecular 
weight of the body. In each case it was found that the 
opacity increased with the molecular weight. 


DiscussIon, 


Mr. BuaxkeEstey said that he considered the Réntgen rays 

to be the propagation of electrostatic strain through space. 
With reference to the non-refrangibility of these rays, he 
had observed in one of the photographs exhibited by 
Mr. Swinton a dark line at the edge of the shadow of a 
wooden pencil, which might have been due to the refraction 
of the rays by the wood. Mr. Blakesley has, however, found 
that this line is due to the varnish on the pencil. Some 
Réntgen photographs of quartz and ebonite rods not only 
did not exhibit these dark lines, but there was a very slight 
indication of a bright line just on the edge of the shadow, 
which would indicate that the refraction of these rays was 
less in the rods than in the surrounding medium. 
_ Mr. Epser exhibited some photographs taken with Mr. Jack- 
son’s form of tube, in which a concave kathode is employed. 
Mr. Edser said that the whole of the tube on the kathode 
side of the anode plate phosphoresced, so that the Rontgen 
rays seem to partake of the character of diffused light. 

Prof. Ayrton said Mr. Jackson had found that the kathode 
rays form a parallel beam, and do not first come to a focus 
and then again spread out. 

_ The Cuarrman said some observations made by Mr. Porter 
agreed with those of Mr. Hdser. 

Mr. Buakestey described the tube used by Puluj, in 
which a mica screen coated with green calcium sulphide is 
placed between the kathode and the anode. 


* Read March 13, 1896. 
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Mr. Garpner said that there seemed to be some confusion, 
for, when a concave kathode is employed, the kathode rays 
are brought to a focus and then again diverge. The phos- 
phorescence on the inside of the glass had been shown by 
Lenard to be due to electricity travelling round the inside 
surface of the glass. : 

Mr. Prpanon asked if any one had tried the effect of 
mounting the photographic film on a metal plate. 

The CHAIRMAN said that Captain Abney had found that if 
the film was mounted on a ferrotype plate no action took 
place. 

Prof. Perry said he, for one, was of opinion that the 
Réntgen rays were undulatory. Prof. Larmor had given an 
explanation which seems to agree with the observed facts. 
This explanation supposes that the intermolecular spaces 
respond to vibrations of a certain frequency. The reason 
no refraction or diffraction effects had been observed was 
probably because of the extreme smallness of the wave-length 
of the undulation, 


XVI. Notes on the Electro-magnetic Theory of Moving 
Charges. By W. B. Morton, B.A.* 


1, Tuts subject has been brought into prominence recently 
by the use which Mr, Larmor has made of moving electrons 
in his dynamical theory of the ether. The matter was in- 
vestigated in 1881 by Prof. J. J. Thomsont, who showed 
that a point charge moving so slowly that the electric dis- 
placement it carries is not sensibly disturbed generates 
magnetic force like a current element according to Ampére’s 
rule ; and by Mr. Heavisidet, who investigated the matter 
more generally in 1889, and showed that in steady rectilinear 
motion at any speed less than that of light, the lines of 
displacement continue to be radial but are concentrated 

* Read March 27, 1896. 

+ Phil. Mag. April 1881, July 1889; Recent Researches, pp. 16-23. 


{ Electrical Papers, ii, pp. 504-518; Electromagnetic Theory, i, 
pp. 269-274. 
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towards the plane perpendicular to the direction of motion. 
The displacement at distance 7, in a direction making an 
angle @ with the line of motion is proportional to 
.; ui 

ie eae \s 

va (1—shsin @) 
where uw is the velocity of the moving charge and V the 
velocity of light. The lines of magnetic force are circles 
round the line of motion. 

2. This solution of course represents the state of affairs at 
a great distance from a small charged conductor of any shape. 
It would also give us the distribution of charge on a moving 
sphere if it were correct to assume that the lines of displace- 
ment meet the charged surface at right angles. This 
assumption was made by Prof. Thomson and, at first, by Mr. 
Heaviside, but the latter, quoting a suggestion of Mr. G. F.C, 
Searle, subsequently pointed out that when there is motion 
the electric force is no longer derived from a_ potential 
function, and as a consequence does not meet the equilibrium 
surface at right angles. Substituting the correct surface 
condition, he showed that the charged conductor, whose motion 
would give at all points the radial distribution found for a 
point charge, was not a sphere but a spheroid of certain 
ellipticity. 

3. 1t seemed of some interest to inquire what the distri- 
bution of charge on a moving sphere would be. The surface-~ 
density at a point of the surface is now the normal component 
of the displacement at that point. By carrying the investiga- 
tion a step further I have found that, if the conductor be a 
sphere or any ellipsoid, the ordinary static arrangement of 
charge is unaltered by the motion ; ¢.e. the number of tubes 
of displacement leaving each element of the surface is 
unchanged, but the tubes no longer leave the surface at right 
angles. We may imagine that the motion has the effect of 
deforming the tubes, keeping their ends on the conductor 
fixed. The proof of this, involving a consideration of the 
general case, is here given and is followed by a note on the 
energy of a moving charge in a magnetic field. 

4, Suppose we have any distribution of charge moving 


b) 
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with uniform velocity w parallel to the axis of z, and that the 


field has assumed its steady configuration. We shall denote 
at 


1— ya by k?, V being the velocity of light. Then since we 
have a steady state, 

di de 
Also, since each element of charge produces a magnetic 
field with no z-component, we have y=0 in the general case 


also. Using these two data, the equations connecting. the 
displacement (f,9,h) and the magnetic force («, 8, y) become 


asin df 

FR 4qru de 

de a —A4 wth 

dz i 

iB _da__4_,ah 
dx dy med: 

aa Lyon Le 
2. dy. --4arN ide 

dh df _  _« -dp 

dz dz  4AmV? dz’ 

af _ dy 

dy dz 


df dg adh _y 


dx dy) dz 
are satisfied by 
dhe) sdby Yasar Ie 
Mi dei! Figg pe as dz’ 
4 Le ae 
eg tag il eral 
where 9 is any function satisfying 
rd  @b i »dh 
da t dy? ae aa wish 
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These results have been obtained by Prof. Thomson and Mr. 
Heaviside. The particular case of a point charge, e, is got 
by putting 

e 


pe V h(a? + y”) +22" 


Evidently in the general case ¢ must vanish at infinity. 

5. Mr. Heaviside points out that 6=constant is the con- 
dition holding at a surface of equilibrium. The matter may 
be stated thus :—If we suppose the field to terminate at the 
surface of a conductor, inside which the vectors vanish, we 
must see that the “ curl”’ relations of the field are not violated 
for circuits which lie partly inside the empty space enclosed 
by the conductor. In particular, if there is a vector whose 
line integral round every circuit in the field vanishes, the 
lines of this vector must meet the surface at right angles. 
Otherwise we should have a finite value for the integral round 
a circuit drawn close to the surface outside and completed 
inside. In other words, ifa vector is derived from a potential 
function, this function must be constant over the surface. In 
the ordinary static case it is the electric force (X, Y, Z) 
which is so derived; but in the case of a steadily moving 


field it is the vector (x, Wie Z) which meets the surface at 
right angles. 

6. Let F(a yz)=C be the equation of the charged surface. 
Then ¢$(xyz) has to be constant over this surface and satisfy 


ob 


dz? 


2 2 
6, 6 


Gre ay ae 


Put z=k¢, then ¢ is a function of 2, y, , which is constant 
when F(z, y, k€)=C, and which satisfies 

Po Th , Fb _ 

ae! dy (dg) 
Therefore if we regard (a y €) as Cartesian coordinates of a 
point, ¢ is the potential at external points of an electrostatic 
free distribution on the surface F(a, y, kf)=C. The com- 
ponents of electric force due to this distribution, at a point 


Co 
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(« y €) on the surface, are 
dd dd dd 
da’ ~ dy? =x dt: 
This force acts in the normal to the surface, and is pro- 
portional to the surface-density at (« y ¢), which we shall 
call o’, Therefore 


dd i o). Laing (ae a) y (ae 
aaa, . dy’ = dy (x) 
But ‘a 
ae dz? 


therefore, denoting differentiation with respect to x yz by 
subscripts 1 2 3, 
(fi, $2, $3) = Ao’ (F;, F,, F;)/ VF? + F408. 
Now let o be the surface-density at (w y z) on the moving 
conductor F(z y z)=C, then equating o to the normal com- 
ponent of (fg h), 


ane + 9B. + ARs , 
VEFP+E2+E; Pee 


or putting in the values we have found for (/g h) in terms 


of ¢, 


eas iki + Gok. +h b3Fs 
VET 

2G Sy Fee 

F/?+ F,?+ Fy ° 
Now the perpendicular from the origin on the tangent plane 
to F(a y z)=C at the point (2 y z) is 

Ls ak, + yFs -- zis 
VEY? + F,?+ FY 

and the perpendicular from the origin on the tangent plane 
to F(a, y, k)=C at (a y ) is 


my dF 
aol Sag ies Hor 
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ef, +yF,+kF; 
VF? + F,? +R? 
“Fi, +yF,+2F3 
VPP +R2+ eR? 
Ap 
po 
If now F(«yz)=C is an ellipsoid, then we know that 
o’ « p’, therefore also o « p, that is the arrangement of 
charge on the moving ellipsoid is the same as if it were 
at rest. 
7. Applying the above to the ellipsoid (a 6 c), we find that 
g@ as a function of (# y €) is the pone! of a free distri- 
bution on the ellipsoid 


o 
ey 


ie ef WAC. ile (f +2) 


=U 
an V (a+) Tae +R), 
where p is given by 


x? Te a 
a ae —-—_=1 
Pty? b+ pe oe 3 
pte 
2 2 
or mar 


gt 
& TREE 
Pty Pte o+Pp 
Determining the ie of the constant © so that the density 
at a point shall be —— ie ses , we get 
ec? dn 
9= br) (GER) EN (CFE) 
Putting b=a, c=ka, we get 


é 
oy, h(a? + y?) +22 
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Showing that, as Mr. Heaviside pointed out, the field of a 
point charge is given when the conductor is an oblate 
spheroid whose axes have the ratio 1: &. 
For a sphere the integral becomes 
e 6+ka 


P= ae MOA 


where M= V/1_—B= 7 
and @ is given by 
W(a2 +42) 22 
To test the value of ¢ let us make k’ approach zero, 7. e. the 
motion becomes infinitely slow. 6 is then =7. 


= Il, 


’ =e may Es 
Then = git ieee oe k’a) 
ee et 
~ 8ra' nr Aor’ 


8. The mutual energy of a moving charge and external 
magnetic field has been given by Mr. Heaviside for the case 
of motion which is very slow compared with the velocity of 
radiation. It is ewA.cos (uA), where A is the circuital 
vector potential of the external field. Mr. Larmor, in the 
second part of his ‘‘ Dynamical Theory ” (Phil. Trans. 1895, 
p- 717), concludes that the same expression holds good for 
motion at any speed. He seems, however, -to overlook the 
fact. that in the general case the displacement-currents in the 
medium—being no longer derivable from a potential function 
—will make their appearance in the result. as well as the 
convection-current eu. 

_ If (F GH) is the vector potential, the part of the energy 
corresponding to the displacement currents will be 


\(Ef+ Gg+Hh)dr, 


which in the case we have been considering becomes 


~a (eso ont) 


= d* d? ae ep 
=u{(r ¢ Lae +H i) 
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But by a well-known transformation, when we take the 
integral through all space, we have 


adh d*p dh 
lez dz ore det ae )ar 


dd (ar dG di 
-\¢ da fe dian dz ae) 


= 0 since (F GH) is circuital. 


.. The expression for this part of the energy reduces to 


ee fas Cia ye \Hage er 


Therefore if the velocity wu ceases to be negligible in com- 
parison with V, we have a correction of the second order in 


the ratio = in addition to the expression involving the 


convection-current simply. It also appears from the above 
that the force on the moving charge cannot, unless this term 
be neglected, be expressed in terms of the magnetic intensity 
at the charge, but will depend on the entire field. 


XVIL. A Further Examination of the Edison Effect in Glow 
Lamps. ByJ.A. Furmine, M.A., D.Se., F.RS., Professor 
of Electrical Engineering in University College, London*. 


§1. Tu experiments described in this paper had for their 
object the further examination of an effect which can be pro- 
duced in certain forms of electric incandescence lamps and 
to which attention was first drawn by Mr. Edison in 1884: 
This effect. may be generally described as follows :—A carbon 
filament incandescence lamp having the ordinary horse-shoe 
loop carbon has a metallic plate placed in the exhausted bulb, 
the plate being carried on a platinum wire sealed through the 
globe, and fixed so as to stand up between the legs of the 


* Read March 27, 1896. 
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horse-shoe (see fig. 1). If the lamp is set in action at the 
usual incandescence by a continuous current of the proper 
strength, and a suitable sensitive galvanometer is connected 

between the insulated metal plate and the positive terminal of — 
the lamp, it will in general be found to indicate a current of 
some milliamperes flowing through it. The direction of this 
current is from the positive electrode of the lamp through 
the galvanometer to the insulated metal plate, or wire. When 
the same galvanometer is connected between the negative pole 
of the lamp and the middle plate, unless it is very sensitive, it 
indicates no current. This effect was very carefully examined 


Fig. 1. Fig. 2. 


+ - 


by Mr. W. H. Preece in 1885, and he subjected it to a 
systematic examination by the aid of a number of lamps 
having such metal plates placed in various positions*. By 
this observer a number of very interesting facts were col- 
lected, the result of which was to point out the general nature 
of the phenomenon. A sufficient number of new questions 
were, however, suggested by the information so acquired to 
invite further inquiry. Whilst confirming and re-examining 
the experimental results obtained by Mr. Preece, some facts 
that had previously escaped notice presented themselves 
which it is the object of this paper to describe. 


* “On a Peculiar Behaviour of Glow-Lamps when raised to High 
Incandescence,” by W. H. Preece, F.R.S. Proceedings of the Royal 
Society, 1885, p. 219. A 
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§ 2. The first experiments were made with a lamp of the 
form shown in fig. 2, similar to some used by Mr. Preece in 
his experiments, A metal plate, generally of aluminium, is 
supported on a platinum wire sealed through the bulb or 
glass receiver, the plate being so fixed that its plane is at 
right angles to the plane of the loop of the carbon, and as 
nearly as possible midway between the legs. The plate there- 
fore projects between the legs of the horse-shoe carbon, and 
the carbon conductor arches over it without touching it. 
The plate is entirely insulated from the carbon. 

The preliminary experiments with this normal ae of 
middle-plate lamp consisted in determining the effective 
potential-difference between the third terminal and one or 
other of the two electrodes of the carbon filament when the 
lamp was subjected to varying steady electromotive forces 
sufficient to raise the temperature of the carbon from dull red 
to vivid incandescence, and in determining the magnitude of 
the current flowing in a circuit connecting the middle plate 
with one or other of the electrodes of the lamp. 


Fig. 3. 
oe 


LAMP NO 4 =e 


BATTERY 


§ 3. Experiment 1.--An ordinary carbon filament electric 
lamp, having the horse-shoe shaped conductor, had a platinum 
plate (see fig. 3) about 2°5 centimetres long by 1°5 centi- 
metres wide welded to a platinum wire, sealed through the 
side of the bulb. The plate was so placed as to project 
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“between the legs of the carbon conductor, having its plane at 
right angles to the plane of the horse-shoe, and initially fixed 
about halfway between the two legs. This lamp will be de- 
scribed in the subsequent paragraphs as Lamp No. 4. Under 
a steady electromotive force of 40 volts, this lamp took 3°7 
amperes when working at the normal temperature corre- 
sponding to about 3°5 watts per candle-power. When a 
milamperemeter having a resistance of 6372 ohms was joined 
between the base P of the positive leg of the carbon (see fig. 4) 
and the middle plate M, a current was found passing through 
the galvanometer from the terminal P to the plate M. This 


Fig. 4. 


current had a magnitude of about 3 milliamperes when the 
carbon was in the normal state of incandescence. 

If the milamperemeter was connected between the negative 
electrode of the lamp and the middle plate, no current per- 
ceptible by this galvanometer was found. On replacing the 
milamperemeter by a more sensitive Elliott mirror galvano- 
meter (resistance 7142 ohms), it was found that a small 
current passed through it, when joined in between the negative 
electrode of the lamp and the middle plate, but that this 
current had a magnitude hardly exceeding 0001 of a milli- 
ampere when the lamp was at its normal incandescence. 

In order to avoid repetition, it may be here said that, unless 
otherwise stated, the terminal of the lamp in connexion with 


x 
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the positive pole of the working battery will be spoken of as 
the positive electrode of the lamp; that in connexton with the 
negative pole of the battery as the negative electrode. For 
brevity’s sake, the half of the carbon “laminae between the 
centre of the filament and the positive electrode will be called 
the positive leg, and the other half the negative leg. 

§ 4. A preliminary series of experiments was made with lamp 
No. 4 by placing the lamp in a photometer and determining 
the watts per candle-power and the current taken by the 
lamp corresponding to various working electromotive forces, 
taken over the whole range of electromotive force from that 
necessary just to render the filament incandescent to the 
highest the lamp could with safety endure. In any subse- 
quent experiments, the simple measurement of the potential- 
difference between the electrodes of the lamp enabled the 
rate of dissipation of energy in the filament and the watts per 
candle-power to be deduced. It may here be remarked that 
in the preliminary experiments some difficulties arose from 
the occlusion of residual gas by the middle metal plate, but 
finally this was overcome, and the vacuum in these experi- 
mental bulbs made and preserved as perfect as in good ordinary 
commercial lamps. The following results were then obtained 
with this lamp No.4. The lamp was raised to various degrees 
of incandescence by varying the working volts by the aid of 
a rheostat in series with the lamp. 

The milamperemeter was employed to measure the effective 
potential-difference between the positive electrode of the lamp 
and the middle plate and then, tabulating against the working 
volts of the lamp the current in milliamperes flowing through 
the galvanometer, the potential-difference between the middle 
plate and the positive electrode of the lamp was calculated 
from these figures. The results are given in the table below 


(Table No. 1). 
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. Lamp No. 4. Milamperemeter. 


Table showing the volts between the middle plate and the 
positive electrode, and the current flowing through a 
galvanometer of 6372 ohms resistance connecting them, 
taken for various working voltages of the lamp. 


Volts be- | Current in , Aeliathiee Current in 
Working | tween plate} — milli- Working | veen plate milli- 

volts of - as Jue pe fe Of positive Besse “ 

= ep uae" : vanoietey electrode. | yanometer. 
30 “54 085 36 10°7 1°69 
32 1:2 "190 37 1237. 2°01 
32 5 16 25 38 14-9 2°36 
33 2°8 “44 39 nivee E fA 
33°5 4-7 74 40 18°9 2°99 
34 53 84 41 21:4 3°37 
34°5 (pl VR 42 23°4 3°71 
35 78 1°23 43 25°2 3°99 
tt 268 4°25 


The results given in table No. 1 are plotted in curve No, 1, 
in which horizontal abscissee represent to scale the working 
volts of the lamp and vertical ordinates the milliampere 
currents through the galvanometer, It will be seen that the 
curve representing the current from lamp electrode to plate 
takes a rather sharp turn upwards at a point corresponding to 
33 working volts, and this occurs when the lamp is working 
at about 7°8 watts per candle-power. Beyond this point the 
curve is very approximately a straight line. Accordingly, at 
and beyond the volts at which the carbon filament becomes 
fairly well incandescent, the effective potential-difference 
between the middle plate and the positive lamp electrode is 
very nearly a linear function of the lamp voltage ; and at the 

normal working volts, viz. 40 volts, this potential-difference 
between the middle plate and the positive electrode so deter- 
mined is apparently about half that between the lamp terminals, 
the plate being nearly midway between the carbon legs. 
The results given in Table 1 are the mean of several obser- 
vations, but it was noticed that when the lamp was maintained 
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at a steady voltage, the potential-difference between the 
middle plate and the positive electrode would often jump 
suddenly from one value to another. This effect renders it 
difficult to obtain the stable values of the plate and positive 
electrode potential-difference. Corresponding to any definite 


TaBLE No. 1.—Curve No. 1. 
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Current through Galvanometer in Milliamperes. 
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Working Volts of Lamp. 


steady voltage on this lamp, the current may have one or 

other of two values, but not always permanently preserving 

either ; a galvanometer deflexion indicating say 10 volts 

between the plate and positive electrode of the lamp will 
VOL. XIV. (0) 
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often slowly increase until after a few minutes it is 12 or 
14 volts, yet all the time the working volts on the lamp are 
remaining perfectly constant. It will then often suddenly 
jump perhaps to 22 volts, and then slowly decrease to 19 volts, 
or so. This tendency of the potential-difference between the 
middle plate and positive lamp electrode to jump from a low 
to a high value, or vice versd, is most marked in lamps in 
which the plate is about half-way, and symmetrically placed, 
between the legs of the carbon. We shall speak of these 
two values as the high and low value of the current through 
the galvanometer, and defer until later a discussion of some 
other causes tending to make the current pass from a high to 
a low value or the reverse, as well as its possible explanation. 
In Table No. 2 are tabulated a set of observations on the same 
lamp No. 4, showing these double values which the potential- 
difference and current may have, and it may be here noted 
that in the previous Table No. 1, the higher values have been 
taken in those cases in which double values exist. 


Taste No. 2. Lamp No. 4, Milamperemeter. 


Table showing the multiple values of the potential-difference 
between the middle plate and positive electrode of the 
lamp corresponding to various given working voltages. 


sviclis ns Caren Volts a ean 
: ween the |throu ugh the 
vee middle plate graded sa Working middle Bate eae gal- 
the lamp. and positive vanometer || volts of the |and positive} vanometer 
electrode of] in milli- lamp. electrode of| in milli- 
the lamp. | amperes. the lamp. | amperes. 
30 6 095 39 4-3 ‘761 
32 Ii | Hy i 140 | 2-22 
34 2°0 “317 40 D1 “809 
35 2°6 412 - 18-1 2°87 
36 32 507 41 5°3 841 
37 39 | -618 E 184 | 2-91 
38 43 682 42 6°4 101 
‘ 45 | -714 § 200 | 3-17 
z 11-0 | 1-74 43 6-2 -983 
< 22:0 | 3:49 
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These observations are plotted in Curve No. 2,in which the 
abscisse represent the working volts of the lamp and the 
ordinates the current in milliamperes flowing through the 
galvanometer connecting the positive electrode and the middle 
plate. It is seen that corresponding to any working pressure 


Tassie No. 2.—Curve No. 2. 


Current through Galvanometer in Milliamperes. 
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above 38 volts for this lamp, which is equivalent to 4:2 watts 

per candle-power, there are two possible values of the effective 

potential-difference between the middle plate and the positive 

electrode. As the working voltage of the lamp is gradually 

raised, the reading of the galvanometer inserted between the 

middle plate and positive electrode is also increased, but there 
02 
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is a great tendency to jump from a certain low value to a 
higher one, and this occurs when the working pressure of the 
lamp is preserved steady. There is also an effect produced 
by the presence of a magnet near the lamp bulb. When the 
current is at the low value corresponding to any working 
voltage, the galvanometer reading does not seem to be per- 
ceptibly altered by bringing a magnet near the lamp, but 
when it is at its high value, the reading is sometimes increased 
for a little, showing a steady deflexion, and then immediately 
falls to its low value. 

§ 5. Experiment 2.—The difference of potential between 
the middle plate and the positive electrode of the lamp depends 
to a considerable extent upon the position of the middle plate. 
Supposing the plate to be placed with its plane perpendicular 
to the plane of the carbon horse-shoe and then moved to 
various positions between the two legs of the carbon, it is 
found that the difference of potential between the plate and 
the positive electrode will have different values according to 
the position of the plate. This fact was elucidated by means 
of the same lamp No. 4 as used above. By carefully tapping 
the lamp, the supporting platinum wire carrying the platinum 
middle plate could be bent so as to displace the plate from its 
symmetrical position as regards the two carbon legs, and 
bring it nearer to one or other of the legs. In several 
different positions the current flowing through the milampere- 
meter, when connected between the middle plate and positive 
electrode, was measured, the lamp being kept meanwhile at 
the same working electromotive force. 

Histimating as nearly as possible the fractional distances, 
the plate was placed at distances from the negative leg equal 
to j5,4, 4, ?, and ,% of the whole distance between the 
positive and negative legs, and the lamp being taken through 
a definite cycle of volts, the potential-difference between the 
middle plate and the positive electrode was measured with 
the milamperemeter. The results are collected in the follow- 
ing tables. The diagrams in fig. 6 represent the horse-shoe 
carbon loop and the middle plate M in various positions, the 
galvanometer G being inserted between the plate M and the 
positive electrode P. By the phrase “whole distance” in 
the following tables is meant the whole distance or width 
of the space between the positive and negative carbon leg. 
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TasLE No. 3. Lamp No. 4. Milamperemeter. 


Table showing the potential-difference between the middle 
plate and positive electrode of the lamp at various posi- 
tions of the plate and at various working voltages. 


Volts be- Current 
Working 

volts of the|middle plate} galvano- 
lamp. |and_ positive|meterin mil- 
electrode. | liamperes. 


tween the |through the/| 


Volts be- Current 
Working | tween the |through the 
volts of the middle plate} galvano- 


and positive|meter in mil- 


lamp. 
electrode. | liamperes. 


Middle plate at +1, of whole 
distance from negative leg. 


Middle plate at 3 of whole 
distance from negative leg. 


31 7) "142 
34 2°2 317 
37 6:0 "952 
39 10-2 161 
4] 14:2 2°24 
43 16°8 2°66 


31 “9 “142 
34 14 "222 
37 22 349 
39 2°5 “396 
4] 2°9 “460 
43 30 “476 


Middle plate at 4 of whole 
distance from negative leg. 


Middle plate at 5% of whole 
distance from negative leg. 


31 ‘9 142 
34 1°8 *285 
37 ol 809 
39 7:0 ETL 
4] 8-7 1:38 
43 9°5 1:50 


Middle plate 4 of whole 
distance from negative leg. 


31 "9 "142 
34 Led 269 
37 35 B55 
39 4-3 682 
41 5°6 888 
43 6:2 983 


31 9 "142 
34 15 238 
37 3°4 "539 
39 4:8 “761 
41 D7 904 
43 6°8 1:07 
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The results of this Table No. 3 are plotted in the curves 
No. 3. These curves are to be interpreted as follows :—The 
two vertical lines P and N represent the two legs of the 


TABLE No. 3 Conve No. 3. 


The middle plate was moved along into different positions between the 
two carbon legs indicated by the horizontal distances, and at each 
position the current between the middle plate and positive electrode of 
the lamp is represented by the vertical ordinate of a curve. The several 
curves correspond to different working volts on the lamp. 
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carbon horse-shoe. At various distances on the way from P 
to N the milliampere current through a galvanometer con- 
nected between the middle plate, placed at that point, and the 
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positive electrode of the lamp is represented by the magnitude 
of the vertical ordinate of each curve. For every one of the 
different voltages at which the lamp is worked, there is there- 
fore a curve representing by its ordinates this current strength 
through a galvanometer inserted between the middle plate, 
placed at these positions, and the positive electrode of the 
lamp, and it is seen that there isa minimum value for this 
current at a position equal to 2 of the whole distance between 
the legs reckoned from the negative leg. 

Imagine the middle plate therefore connected through a 
galvanometer with the positive electrode of the lamp, and let 
the middle plate be first placed close to the positive leg and 
then moved continuously nearer towards the negative leg. 
The current through the galvanometer would first fall off as 
the plate receded from the positive leg, and after reaching 
a minimum at a point about } of the whole distance between 
the legs reckoned from the positive leg, would’rise up toa 
maximum when the middle plate was as nearly in contact with 
the negative leg as possible without actually touching it. 

§ 6. Haperiment 3.—In order to explore more thoroughly 
the action of the different portions of the incandescence carbon 
conductor in producing this effect, a lamp was taken having 


Fig. 5. 


a horse-shoe shaped carbon, and a pair of small platinum cylin- 
ders, held on platinum wires sealed through the glass, so 
placed as to embrace without touching the carbon conductor. 
One of these cylinders, X, was placed so as to embrace the 
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carbon near the bottom of the leg, and the other, Y, near the 
spring of the arch (see fig. 5). These small cylinders had a 
length of about 12 millims. and a diameter of about 8 millims. 
so that the distance from the carbon filament to the inner 
surface of the cylinder was about 3 or 4 millims. The lamp 
had a rather thick carbon, and at an electromotive force of 
48 volts took a current of 1°32 amperes to raise it to its 
normal incandescence of 18°8 candles, corresponding to 3°3 
watts per candle-power. This lamp will be alluded to as 
Lamp No. 3. 

It is obvious that there are four possible arrangements in 
which a current can be obtained between an embracing 
cylinder and a positive electrode of the lamp. These are 
illustrated in fig. 6, in which the horse-shoe shaped line stands 


Fig. 6. 


Position Position Position Position 
Gis (2). (3). (4). 


LAMP NO3 


for the carbon filament, X and Y are the platinum cylinders, 
P and N are the positive and negative electrodes of the lamp, 
and G is the galvanometer. 
We will call these arrangements (1), (2), (3), (4), as figured. 
It will be seen that if we imagine the carbon filament straight- 
ened out, these four arrangements are equivalent to being 
able to slide a cylinder along the filament into four positions, 
and in each position measuring the potential-difference be- 
tween the cylinder and the positive end of the carbon. We 
are thus able to place an embracing collecting-plate at four 
different places along the carbon conductor, and determine 
the potential-difference between this embracing cylinder and 
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the positive electrode of the lamp. A series of experiments 
was made with lamp No. 3, in which the working volts of the 
lamp were raised to various values, and in each case the 
potential-difference between one of the cylinders X or Y and 
the positive electrode of the lamp was observed as before by 
means of the milamperemeter. The results are given in 
Table 4. 
Taste No. 4. Lamp No. 3. Milamperemeter. 

Table showing the potential-difference between a platinum 
cylinder embracing the carbon and the positive electrode 
of the lamp, and the current flowing through the galvano- 
meter in milliamperes ; for the four positions shown in 


fig. 6. 


Poe es Tee | as 
Working | tween cylin- amperes Working | tween cylin- amperes 
volts of the] der and through the volts of the} der and through the 
lamp. positive galvano- lamp. positive galvano- 
electrode. macion electrode. neti. 
Position (1). Position (2). 
43 1°6 25 43 1:2 “19 
45 2°4 38 45 2°0 “31 
46 2°9 46 46 2-9 “36 
47 3°7 “98 AT 37 "58 
48 4-2 67 48 4:2 67 
49 4°7 “74. 49 4-9 78 
50 52 "82 50 D1 "81 
51 a9 "93 51 5°3 “84 
Position (3). Position (4). 

43 2°1 33 43 

45 3°9 62 45 

46 49 78 46 

47 6°8 1:08 47 

48 8-2 1:30 48 

49 10°4 1°65 49 

50 12°3 1°95 50 

51 14:9 2°36 51 


These observations are plotted in Curve No. 4. 
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This table ot observations shows us that taking the lamp at 
any definite voltage, the potential-difference between the 
positive electrode and a cylinder embracin g the carbon 
filaments is greatest when that cylinder is as low down near 


TABLE No. 4.—CurveE No. 4, 
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the foot of the negative leg of the carbon as possible. If the 
cylinder is placed near the top of the negative leg that 
potential-difference becomes less. If the cylinder is taken 
near the top of the positive leg or near the base of the positive 
leg itis least, and it seems to be a minimum when the cylinder 
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surrounds the top of the positive leg, and is as far as possible 
away from the foot of the negative leg. We have here a 
confirmation of the fact observed with respect to lamp No. 4, 
viz.: that the potential-difference between the positive lamp 
electrode and the metal plate held somewhere near the incan- 
descent carbon conductor is greatest when the plate is as near 
as possible to the foot of the negative leg or negative elec- 
trode. 

In this lamp No. 3, in which in all positions the cylinder 
employed is placed very near some point on the incandescing 
conductor, the current through the galvanometer joining the 
positive electrode and the cylinder has never been observed 
to jump or to take double values as in the case of lamp 
No. 4. 

If a sensitive galvanometer is connected to the two insu- 
lated cylinders X and Y, and if in addition there is a battery 
in series with this galvanometer, then no current can be de- 
tected in such an arrangement even when the battery has an 
electromotive force of 120 volts, whether the lamp carbon is 
incandescent or not. Just as in the case of lamp No. 4, the 
current obtained by connecting either cylinder with the nega- 
tive electrode of the lamp is excessively small. 

In order to obtain curves showing the mode of variation of 
the effective difference of potential between one or other of 
the metal cylinders X and Y and the positive electrode of the 
lamp, a set of observations was made on the lamp when sub- 
mitted to various working voltages, and at the same time the 
milamperemeter was connected first between the positive 
electrode and cylinder X and then between the positive 
electrode and cylinder Y, with the following tabulated 
results (p. 204). 

These results, when plotted out in curves in which hori- 
zontal ordinates represent the working volts of the lamp and 
the vertical ones the milliampere currents going through the 
galvanometer, in both cases have the same general form as 
curve No. 1 plotted for the case of lamp No. 4. 
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TasBLE No. 5. Lamp No. 3. Melamperemeter. 


Table showing the potential-differences between the positive 
electrode of the Jamp and the two cylinders X and Y 
respectively, and the corresponding currents through the 


galvanometer. 
| Volts between ae Volts between | Milliampere 
: cylinder X and Milliampere cylinder Y and |current flowing 
Working | “the positive |Current thr ough! “the positive | through the 
relia of the | electrode P of | the galvano- | electrode P of galvanometer 
amp: the lamp. | ™eter connect-) the lamp. connecting 
Position (1). | 8 X and P. | Position (8). | Y and P. 
34 ot 7015 “it: °015 
35 “1D 023 ree i er 
36 20 031 3 "045 
37 os pea D asa “4 060 
38 °6 095 7 ig f 
39 8 126 i) 14 
40 1:05 166 ita hid 
Al 1:3 "206 16 25 
42 1°8 "285 2:0 “31 
43 2-1 °333 2°38 “44 
44 2°6 *412 3°5 D5 
45 3:0 “476 4:5 he 
46 36 “OL 5°8 "92 
47 4:2 659 72 1:42 
48 4-9 ZOU: 8°38 1°39 
49 56 *889 10:9 1:72 
50 6°2 984 13°6 2°15 
Ht gel WO =a DR a I ne pis § 2°39 
17 gaa Sages OE ag I a De # 18°6 2°95 


§ 7. Experiment 4.—The magnitude of the current found 
on connecting any galvanometer between one of the cylinders 
and the positive electrode of the lamp was found to be de- 
pendent to some degree on the perfection of the vacuum. 
Lamp No. 3 when first made had not a very perfect vacuum. 
A series of measurements was, however, made with it, and the 
same repeated after re-exhaustion. The results are tabulated 
together below. 
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Taste No. 6. Lame No. 3. Elliott Galvanometer. 


Table showing the relative values of the potential-difference 
between cylinder Y and the positive electrode for good 
and imperfect vacua in the case of lamp No. 3. 


Very high vacuum in the lamp.|| Imperfect vacuum in the lamp. 
Sane Watts per Volts between Watts per | Volts between 
lamp. candle-power | cylinder Y candle-power | cylinder Y 
taken up in and positive taken up in and positive 
carbon. electrode. carbon. electrode. 
40 6°75 2°02 971 4°17 
Al a75 2°89 ee) 7:25, 
42 5°30 3°62 6°5 8°39 
43 4°90 4°54 5°9 9°80 
44 4°50 6°08 4-3 11°96 
45 4:15 7:50 4:0) 13°76 
46 3°84 9°25 3-7 15:08 
47 3°55 10°33 34 16:21 
48 3°30 13°2 32 18°28 
49 3°07 16°3 3:0 22°05 
40 2°90 18°4 2°8 22°99 
o1 2°74 21°8 2°6 23°93 
52 2°58 24°4 2°4 28°26 


The imperfection of the vacuum is indicated by the higher 
watts per candle-power absorbed at low voltages, and we 
see that at any given working pressure the potential-difference 
between the positive electrode and the cylinder Y embracing 
the top of the negative leg is greater when the vacuum is 
imperfect than when itis very good. The presence of residual 
air tends to bring down the potential of the embracing 
cylinder more nearly to that of the carbon at the point adja- 
cent to it. 

§ 8. Experiment 5.—A series of observations was next 
made in which the potential-difference between the middle 
plate and the positive electrode was determined by the aid of 
a condenser. If a condenser of capacity C in microfarads is 
charged to a potential of V volts and discharged through a 
ballistic galvanometer, we can determine the ballistic constant 
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of the galvanometer. A second observation of a like nature 
in which the “throw” of the same galvanometer is observed 
when the same condenser is charged by contact with two 
points concerning which we require to know the potential- 
difference, gives us the means of calculating the electrostatic 
potential-difference in volts. A condenser of ‘987 microfarad 
capacity carefully determined was charged to a potential of 
54 volts and discharged through a certain ballistic galvano- 
meter having a needle whose periodic time of vibration was 
about three seconds. The resulting “ throw” of the galvano- 
meter was 5° 30’. Hence a discharge of 54 x‘987=53 3 
microcoulombs through the galvanometer produces a “ throw” 
of 5° 30’. Neglecting a very small correction for the loga- 
rithmic decrement, in this case not of importance, we have 
for the ballistic constant R the value 


53°3= R sin $(5° 30’) =R x :04798 ; 
hence R= TH: 


The same condenser was then connected between the 
middle plate and positive electrode of lamp No. 4 and then 
discharged through the same ballistic galvanometer. The 
lamp was subjected to a working pressure of 39 volts as de- 
termined by a corrected voltmeter attached to the electrodes 
of the lamp. The charge of the condenser was sent through 
the ballistic galvanometer, and a “ throw” of 4° obtained. 
If vis the potential-difference between the middle plate and 
positive electrode of the lamp, we have the following equation 
for v in terms of the ballistic constant and angle of “throw”: 


°987 v=1110 sin 2° 
=1110 x :0349 


111 9 
ms a =39 nearly. 


The potential-difference between the middle plate and the 
positive electrode as determined by this method is therefore 
exactly the same as the potential-difference between the positive 
and negative electrodes ofthe lamp. In other words, when the 
filament is brought to full incandescence, the middle metal 
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plate is brought to the same potential as the negative elec- 
trode of the lamp. This observation was repeated with several 
other lamps having middle plates in various positions and of 
various forms, and always with the same result, viz., that the 
potential of the middle plate when insulated is brought down 
nearly to that of the negative electrode. 

§ 9. Luvperiment 6.—In order to confirm the results ob- 
tained by the condenser method and to eliminate all the 
conditions which necessarily exist when we attempt to 
measure potential-difference galvanometrically, an electro- 
static method of measuring the potential-difference at any 
instant between the metal plate and the positive electrode of 
the lamp was next used. [Jor this purpose a Kelvin multi- 
cellular electrostatic voltmeter was employed to determine 
the potential-difference between the positive and negative 
electrodes of the lamp and between the positive electrode of 
the lamp and the middle plate, with the following results :— 

A lamp (No. 4) having the plate fixed between the carbon 
legs was raised to various working voltages and the potential- 
differences above mentioned taken. 


Taste No. 7. Lamp No. 4. Kelvin Electrostatic 
Voltmeter. 


Static potential-difference in 
volts between middle plate 


Working volts of the lamp. and positive electrode of 


the lamp. 
41 41 
bo? 1 58°7 
61°0 61°5 


These observations confirm conclusively the previous re- 
sults. The insulated metal middle plate is in this case brought 
to the same potential as the base of the negative leg of the 
carbon; and hence, on measuring electrostatically the poten- 
tial-difference between that metal plate and the positive 
electrode of the lamp, we find it to be the same as the poten- 
tial-difference between the two electrodes of the lamp. 

§ 10. Experiment 7.—In order to see if this was the case 
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when the metal collecting-plate had a very small surface 
placed at some distance from the negative electrode of the 
lamp, the lamp called No. 1 was employed. In this lamp a 
platinum wire threaded through the turns of a double: spiral 
100 volt carbon lamp (see § 11). The lamp was raised to 
various working voltages, and the electrostatic voltmeter 
employed to measure at the same time the static potential- 
difference between the positive electrode of the lamp and the 
platinum wire, with the following results :— 


Taste No: 8. Lampe No. 1. Electrostatic Voltmeter. 


Static potential-difference in 
volts between platinum wire 


Working volts of the lamp. and positive electrode of 


the lamp. 
62 53 
79 75'S 
97 85 
118 107 


The figures in the above Table No. 8 show that when the 
surface of the collecting-plate is very small and is placed 
some distance from the base of the negative leg of the carbon 
it is brought down only to the potential of some point (probably 
the nearest point) on the carbon conductor, and that there- 
fore the potential-difference between the plate and positive 
electrode of the lamp is somewhat less than the potential- 
difference between the working terminals of the lamp. At 
the same time, however, the electrostatic voltmeter shows no 
measurable potential-difference between the negative terminal 
of the lamp and the platinum wire, and the most sensitive 
galvanometer between these points gives no indication of any 
current. 

By means of the electrostatic voltmeter it was, however, 
ascertained that in those cases in which the metallic plate 
presented considerable surface (several square centimetres) 
and was placed so that some portion of it was not removed by 
more than a centimetre or two from the base of the negative 
leg of the carbon, it was brought down almost immediately 
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to the potential of the negative terminal of the lamp. If the 
middle plate is placed at a little distance from the carbon 
loop then, on testing by the condenser method, it is found 
that the plate is not instantly brought down to the potential 
of the negative terminal, but that some few seconds have to 
elapse before this is the case. 

§ 11. A series of experiments was then undertaken in order 
to determine the effect of varying (1) the surface, and (2) the 
position of the metal plate in the bulb, and in these experi- 
ments the plate was sometimes of platinum and sometimes of 
aluminium. In all cases the vacuum was a very perfect one, 
any occluded gases in the plates being got rid of by special 
means. 

Experiment 8.—A normal 100-volt carbon-filament lamp, 
having a carbon filament coiled in a spiral of two turns (see 
fig. 7) had a short stout platinum wire (‘024 inch diam.) 


Fig. 7. 


LAMP NO} 


sealed across the bulb so as to thread through, without 
touching, the spirals of the carbon. The lamp at 100 volts 
took 1:54 amperes and gave an illumination of 40 candles, 
equivalent to a power absorption of 3°9 watts per candle-power. 
The vacuum was very good. This lamp will hereafter be 
called Lamp No. 1. As before, no current could be detected 
by a galvanometer when joined up between the platinum wire 
and the negative electrode, but when the galvanometer was 
connected between the platinum wire and the positive elec- 
VOL. XIV. P 
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trode of the lamp a current of some milliamperes was found 
passing through it. As in the case of lamp No. 4, this lamp 
was characterized by a great tendency to change suddenly 
the value of the current flowing through the galvanometer 
when the working volts on the lamp were kept perfectly con- 
stant. In the first series of observations the milamperemeter 
was employed to measure the current flowing between the 
positive electrode of the lamp and the platinum wire when it 
was connected between these points, and at and beyond a 
working-pressure of 90 volts or so the galvanometer would 
often jump suddenly from one reading to another, when the 
lamp working volts were kept perfectly constant. 

In the following table, No. 9, are collected the results when 
the working pressure of the lamp was gradually raised from 
80 to 100 volts :— 


TasLeE No. 9. Lamp No.1. Jlamperemeter. 


Table showing the potential-difference between the positive 
electrode and the platinum wire, and the current flowing 
through the galvanometer connecting them, for various 
voltages of the lamp. 


Volts Milliampere Volts ili 
Working ae simon Working Roa nee . 
volts of the 3 = d through the) volts of the pee af through the 
lamp. positive galvano- lamp. bey galvano- 
ae 28 positive 
electrode. electrode. meter. 
80 = "016 92 ONG °270 
: 2 032 > 24 381 
82 “2 048 93 bts *302 
83 2 032 f 2°6 “413 
84 “4 064 94 3°2 “509 
86 4 064 4 9-4 1°49 
@ 7 114 95 4-9. ‘78 
87 dD 080 96 58 "92 
88 8 127 97 (Kal Tes 
4 “9 142 98 83 | 132 
90 1:0 159 SH) 89 1°41 
i 1:3 206 || 100 86 | 1:37 
91 1-4 222 ' 103 | 1:64 
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These figures show that at any definite working electro- 
motive force of the lamp the current between the positive 
electrode and the middle plate has very variable values, and 
that it suddenly changes from one value to another without 
any apparent reason, the working volts of the lamp remaining 
constant all the time. 

If the surface of the collecting-plate is large, say several 
square centimetres, the potential-difference existing between 
it and the positive electrode is not found to be so much 
reduced by attempting to measure it with a galvanometer 
of about 6000 ohms resistance as it is when the collecting 
wire presents, as in this lamp No. 1, only a small total 
surface of about one square centimetre. 

§ 12. Experiment 9.—A horse-shoe carbon filament, taking 
1-3 ampere of current at a working-pressure of 42°5 volts, 
had a middle plate made of a long piece of platinum wire 
bent up in a zigzag shape so as to form a rectangular-shaped 
grating (see fig. 8). The object of this was to ascertain 
whether a middle plate offering a surface pierced with many 
apertures was as effective in producing the current as a solid 


Fig. 8. 


LAMP NO 7 


plate of about the same general outline. Practically it was 
found that this was the case. 
The magnitude of the currents obtained at various working 
yoltages are of the same magnitude approximately as in the 
P2 
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case of a lamp like No. 4, that is to say some 3-4 milliamperes 
at full incandescence. 

§ 13. A set of experiments was then undertaken with the 
object of examining the special effect of varying the position 
of the middle plate, and a series of lamps was used in which 
platinum or aluminium plates held on platinum wires were 
placed in the lamp bulb, or in tubes opening into it, in various 
positions. These lamps are generally 50-volt lamps of usual 
type, and had single horse-shoe shaped filaments. 

Experiment 10.—A lamp-bulb had a side tube blown on it 
(see fig. 9) and a plate about 6 centims, long and 1°5 centims. 
wide welded to a platinum wire was sealed into it. The 


Fig. 9. 


LAMP NOe 


platinum plate was placed vertically and edgeways in the side 
tube and the side tube was in such a position that the plane 
of the platinum plate coincided with the plane of the horse- 
shoe filament. This lamp, called henceforth No. 2, when 
worked at 48 volts took 1°3 amperes of current and gave a 
light of 17°5 candles, equivalent to a power-consumption of 
3°55 watts per candle-power. The vacuum was very good. 
In the case of this lamp the current between the positive 
electrode of the lamp and the platinum plate was found to be 
numerically very much smaller at the usual working pressure 
of the lamp than was found to be the case in those lamps in 
which the middle plate was placed between the carbon legs or 
in the form of a cylinder embracing the carbon. 
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The current obtained at any definite working voltage was 
considerably greater when the leg of the carbon nearest the 
plate was the positive leg than when it was the negative leg. 
A series of observations were taken using the lamp at dif- 
ferent voltages and measuring with the Elliott galvanometer 
the potential-difference between the platinum plate and positive 
electrode of the lamp, and these results were as tabulated 
below in Table No. 10. 


TasLE No. 10. Lame No. 2. Elliott Galvanometer. 


Table showing the potential-difference between the platinum 
plate and the positive electrode of the lamp at various 
working voltages. Positive leg of carbon nearest the 
platinum plate. 


Volts Volts 
: between 2 between. 
Work Watt igre Work Watt : 
yol fot ‘ihe Pale : Ler Seat fe Pe SNe 
lamp. power. positive lamp. power. positive 
electrode. electrode. 
43 6°26 "088 48 ooo 199 
44 5°80 sallate 49 aon 236 
45 4°42 144 50 oo 2 289 
46 4:10 "156 51 2°94 4 
47 3°80 “172 


If we compare together the results obtained with this 
lamp No. 2, in which a plate is placed edgeways on and 
outside the carbon loop, with the results obtained in the case 
of lamp No. 3, in which the plates embraced the carbon in 
the form of Pyliders, we see the difference produced by the 
change of position of the plate. Both these lamps, No. 2 and 
No.3, are 48-volt lamps when working at normal incandescence. 
Referring to Table No. 7 in § 7, we see that for lamp No. 3 
at 48 volts the voltage difference of the positive electrode and 
the platinum cylinders was respectively 13:2 and 18°83 volts 
as measured with the Elliott galvanometer, and this indivated 
a current of about 1°3 and 1°8 milliamperes flowing through 
the resistances from the positive lamp electrode to the metal 
plate ; but in the case of lamp No. 2, at 48 volts the potential- 
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difference between the platinum plate and the positive lamp 
electrode was only *2 volt, and this corresponded to a current 
of :03 milliampere nearly. Accordingly the current is greatly 
diminished when the collecting-plate is placed edgeways to 
and someway outside the loop of the carbon. At normal 
incandescence the current between the positive lamp electrode 
and the middle plate when joined by the galvanometer is 
about 03 or ‘04 milliampere when the positive leg of the 
carbon is nearest the middle plate, but only about *02 or °03 
milliampere when the negative leg is nearest the plate. 

§ 14. Heperiment 11.—In order to compare the previous 
results just given with those obtained when the collecting- 
plate was placed broadside to and yet outside the carbon loop, 


Fig. 10. 


LAMP NO 6 


a lamp was made as in fig. 10 in which an aluminium plate 
was held on a platinum wire just outside one leg of the 
carbon and with its plane perpendicular to the plane of the 
horse-shoe. 

The aluminium plate was 5 centims. long and 1 centim. 
wide, and distant from the nearest leg of the carbon about 
‘dS centim. This lamp therefore differed from lamp No. 4 in 
having the plate outside the carbon loop rather than between 
the legs. It may be noticed that in this lamp the current 
here obtained by joining the positive lamp electrode to the 
plate through a galvanometer was slightly greater when the 
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leg nearest the plate was negative than when it was the positive 
leg, whereas in the case of lamp No. 2 it is just the reverse. 
This lamp exhibited also the same effect as lamp No. 4, in 
that the current flowing between electrode and plate is very 
liable to “jump” from one value to another even when the 
lamp is kept at constant volts. The following tabular result 
of the observations shows this. This lamp is called Lamp 
No. 6 and was a 50-volt horse-shoe carbon lamp, taking 1°33 
amperes of current at a working electromotive force of 
30 volts. 


Taste No. 11. Lamp No. 6. Milamperemeter. 


Table showing the potential-difference between the positive 
electrode of the lamp and the aluminium plate, and the 
current in milliamperes flowing through a galvanometer 
connecting them. Vacuum good. 


ee Milliampers Poe Milliompere 
Working yaad - situ Working paca of Banenk 
ae of the : Bae through the || volts of the os through the 
amp. and plate galvano- lamp. and plate galvano- 
in volts. Baober, in volts. moter 
32 “1. 016 46 3°8 601 
34 3 ‘047 E 3:5 555 
36 ‘6 “095 2 41 | 2-23 
37 8 "126 AT 3°8 602 
38 iO 158 55 16:2 2°57 
39 1:2 190 48 Ar] 650 
40 17 291 f 17-7 | 280 
4] 2°0 LT 49 42 666 
42 2°3 "364 93 18°3 2°90 
43 2°8 ‘444 50 19°5 3°03 
44 3/1 491 : 20:0 | 317 
A5 4:0 634 af 41 650 


The results in Table No. 11 are plotted in curve No. 5. 

This table shows that when the lamp is kept at a constant 
voltage the current through the galvanometer jumps from 
one value to another. The fluctuation of the current takes 
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place when the negative leg of the carbon is the one farthest 
from the plate. When the leg adjacent to the aluminium 
plate is the negative one then the current is steady at any 
definite voltage of the lamp. 


TasBLE No, 11.—Curve No. 5. 


Current through Galvanometer in Milliamperes, 


Working Volts of Lamp. 


§ 15. From the above experiments it is clear that the 
current obtained when a galvanometer is connected between a 
metallic plate and the positive electrode of the lamp is greater 
in proportion as the collecting-plate is larger and in propor- 
tion as it is brought into close proximity to the base of the 
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negative leg of the carbon. Also that a plate so placed is 
brought down to the potential of the negative electrode. It 
seemed desirable to see how far the removal of the collecting- 
plate to a great distance from the negative leg would influence 
these results, and experiments were accordingly tried with a 
tube of the form shown in fig. 11. 


Fig. 11. 
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Experiment 12.—In this case a glass tube about eighteen 
inches long and three-quarters of an inch in diameter was 
attached to a lamp bulb. The end of the glass tube farthest 
from the bulb was closed and an aluminium plate welded to a 
platinum wire was sealed in near this closed end. The plate 
had a length of about 3 centimetres and a width of about 
1 centimetre. The tube formed an extension of the bulb- 
space, and accordingly this arrangement formed a device by 
which a metal plate could be removed to a distance of some 
eighteen inches from the incandescent conductor contained in 
the bulb. On placing this lamp on a circuit and bringing 
the carbon to normal incandescence and connecting the ter- 
minals of the Elliott galvanometer respectively to the aluminium 
plate and the positive electrode of the lamp, a very small 
current was found to be passing through it, not, however, 
exceeding one ten-thousandth of a milliampere. When the 
galvanometer was joined in between the aluminium plate and 
the negative leg of the carbon no current whatever could be 
detected with this galvanometer, which was sufficiently sensitive 
to show one hundred-thousandth of a milliampere. We thus 
find that the removal of the plate to a distance of some 
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eighteen inches from the incandescent conductors practically 
extinguishes the phenomenon. 

Experiment 13.—Another similar bulb was provided having 
a side tube blown on it of half the length, viz. about 9 inches 
long. At the end of this tube was placed a small aluminium 
plate as before, and the tube was bent up about the middle at 
right angles (see fig. 12). When the carbon conductor in 


Fig. 12. 


the bulb, which was that of an ordinary 50-volt 16 candle- 
power lamp, was rendered incandescent by being connected 
to a circuit of appropriate electromotive force, and the Elliott 
galvanometer connected in between the aluminium plate and 
the positive electrode of the lamp, a current of not more than 
about one twenty-thousandth of a milliampere was detected. 
The fact that the ‘‘ Edison effect ” was extinguished when the 
collecting-plate was placed at the extremity of an elbow-tube 
was first observed and recorded by Mr. Preece. 

§ 16. The effect of position and size of the plate having 
been examined, the next step which naturally suggested itself 
was to determine the effect of the different portions of the 
incandescent conductor in the production of it. 

EHeperiment 14.—A lamp like No. 4 was provided, but in 
which one leg of the carbon was enclosed in a glass tube of 
the size of a quill. The glass tube was sealed on to the 
platinum wire and extended nearly up to the bend of the 
carbon (seo fig. 13). This lamp, called No. 9, was placed on 
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the circuit in such a manner that the shielded leg was the 
positive leg, and a series of observations taken as usual of the 
current flowing through the milamperemeter when connected 
between the middle plate, placed between the carbon legs, 


Fig. 13, 


LAMP NO 9 


LAMP NO 9 


NO CURRENT FLOWING 
CURRENT FLOWING 


and the positive electrode of the lamp. The results are as 
tabulated below in Table No. 12. The lamp took 1:25 ampere 
of current at a working electromotive force of 42 volts. 


TaBLE No. 12. Lamp No. 9. Mlamperemeter. 


Table showing the potential-difference between the middle 
plate and positive electrode of the lamp, and the current 
flowing through a galvanometer connecting them, when 
the positive leg of the carbon is shielded in a glass tube. 


Potential- ES -| Potential- {ee 
Working [middle clate| current || Working [middie platel current 
volts of the Jand positive |through gal- volts of the land positive |through gal- 
lamp. electrode | vanometer. lamp. electrode | vanometer. 
in volts. in volts. 
36 2 032 45 6°9 936 
38 3 048 46 75 Lag 
40 “95 12 AT re 1°53 
41 1:2 19 48 12:4 1:96 
42 1:8 29 49 L151 2°39 
43 OL 49 50 19-1 3°03 
44 4°2 66 51 23°1 3°66 
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So far the results are quite normal, and if the results in the 
above Table No. 12 are compared with those in Table 2 for a 
similarly constructed lamp with no tubular shield, we find that 
the magnitude of the current flowing from the positive elec- 
trode to the middle plate is in the two cases very much the 
same. The lamp No. 9 was then placed on the circuit in such 
a manner that the leg shielded by the glass tube was the 
negative leg, and a similar series of observations of the current 
between the positive leg (now the uncovered leg) and the 
middle plate was made. ‘The results were as follows in Table 
No. 13 :— 


TaBLe No. 13. Lamp No. 9. Milamperemeter. 


Table showing the potential-difference between the middle 
plate and positive electrode, and the current flowing 
through a galvanometer connecting them, when the 
negative leg of the carbon is shielded in a glass tube. 


tential-differ Ili 
Working volts of of mn ua alec een 
the lamp. eee ae in galyanometer. 
A5 10 ‘016 
AT 15 024 
49 "25 039 
51 30 ‘044 


On comparing the-results in Table No. 13 and the previous 
one No. 12 we see what an immense reduction in the current 
flowing between the positive electrode and the middle plate is 
produced by shielding the negative leg. Hence the action in 
virtue of which the current is produced is greatly interfered 
with by enclosing or covering up the negative leg of the 
carbon. In this particular case at 51 volts, the current 
between the positive electrode of the lamp and the middle 
plate when the negative leg is covered up is only ~& of that 
which it is when the positive leg is covered up. The results 
in Tables Nos. 12 and 13 are plotted together in Curve 
No. 6. 
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§ 17. The question remained to be settled whether the 
nature of the tubular screen in any way affected the results, 
and the glass tube was accordingly replaced by a metal 
(aluminium) tube and a lamp (No. 10) taken in which one of 


Tas ies No. 12 anp 13.—Curve No. 6. 


Current through Galvanometer in Milliamperes. 


oe = 
34 386 388 — 40s 4 44 46 48 50 52 54 


Working Volts of Lamp. 


the carbon legs (see fig. 14) was surrounded by an aluminium 
cylinder extending nearly the whole length of the leg, and 
also a middle plate of aluminium was placed between the 
legs. Both the plate and the cylinder were held on platinum 
wires sealed through the glass. The lamp took 1:25 amperes 
of current at 41°5 volts. 
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Experiment 15.—The lamp was placed on a circuit so that 
the leg shielded by the aluminium cylinder was the posétive 
leg. The milamperemeter was then connected between the 
positive electrode of the lamp and the middle plate, and the 
usual measurements made. It was found that the current 
“jumped”? a good deal, and that high and low values of the 


Fig. 14. 


LAMP No 10 
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galvanometer current occurred, even when the terminal 
voltage of the lamp was kept perfectly constant. 

The lamp was then reversed on the circuit so that the 
shielded leg was the negative one, all other arrangements 
remaining the same. The current now between the positive 
electrode and the middle plate was practically zero, at any 
rate too small to be measured with this galvanometer. 
Hence we see that shielding the negative leg, whether by 
glass or a metallic cylinder, entirely cuts off the production 
of a current between the positive lamp electrode and the 
middle plate. 

§ 18. Experiment 16.—Another series of experiments was 
made with the lamp No. 10 in which the galvanometer was 
connected between the positive electrode of the lamp and the 
aluminium cylinder (see fig. 15), the leg inside the cylinder 
being either the positive or the negative leg. In this case 
the middle plate remained unused and insulated and acted as 
a shield between the cylinder and the carbon leg which was 
not contained in the cylinder, 
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It was found that when the cylinder surrounds the negative 
leg and its surface is, therefore, as much exposed to it as 
possible the current is a maximum, but that when it includes 


Fig. 15. 


LAMP NO (0 


LAMP NOI1O0 


the positive leg the current is greatly diminished, both by 
reason of the fact that it opposes less surface to the negative 
leg, and also because the middle plate acts as a shield between 
it and the negative leg of the carbon. 

§ 19. Experiment 17.—In order finally to demonstrate 
that the negative leg of the carbon loop was the chief active 
agent in this production of a current between the middle 
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plate and the positive electrode, a lamp like No. 4 was taken 
having a metal middle plate between the legs, and this middle 
plate had attached to it a mica screen (see fig. 16) a little 
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larger than the plate, and so fixed by a loose rivet that it 
could be shaken in front of the plate so as to shield one side 
of it, or shaken on one side so as to fully expose the plate. 
This device was in fact a removable shield attached to one 
surface of the metal middle plate, and when placed up against 
it, it shielded one surface from, and when jerked on one side 
it exposed that surface to, the carbon leg opposite to that 
surface. This lamp (called No. 5) was set on the circuit in 
the first place so that the leg of the carbon horse-shoe 
opposite to the mica-shielded side of the middle plate was 
the positive leg. If the carbon was brought up to an incan- 
descence corresponding to about 3°5 or 4 watts per candle- 
power and the galvanometer connected between the positive 
electrode and the middle plate, then it was found that the 
effect on the galvanometer current which was produced by 
the interposition or withdrawal of the screen of mica between 
the positive leg and the plate was not very great. It reduced 
the current through the galvanometer from about °44 mil- 
liampere to °38 milliampere. If, however, the current 
flowing through the lamp carbon is reversed in direction so 
that the mica screen is interposed on that side of the middle 
metal plate which faces the negative leg, the result is very 
different. When the screen is down, the current flowing 
through the galvanometer from the positive electrode to the 
middle plate being as before ‘44 milliampere, the interposition 
of the mica screen on the side of the plate facing the 
negative leg reduced the current at once to zero. We find 
therefore, that the interposition of a mica screen between the 
middle plate and the negative leg reduces to zero the current 
flowing between the positive lamp electrode and the middle 
plate. As in all other lamps with a middle plate set exactly 
between the legs, the current through the galvanometer 
joining the middle plate and positive electrode is very liable 
to “jump ” from a low to a higher value or vice versd. When 
the current has its higher value corresponding to any given 
voltage on the lamp terminals, the effect of screening is less 
marked, and although the interposition of the mica screen on 
the side facing the negative leg has an effect of reducing 
the current flowing through the galvanometer connected 
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between the middle plate and positive electrode, it is not by 
any means reduced to zero. 

§ 20. The foregoing experiments afford proof that the 
production of the current through a galvanometer joined 
between the positive electrode of the lamp and a metal plate 
placed somewhere in the vacuous bulb, is an effect due chiefly 
to the negative leg of the carbon, and that shielding the 
negative leg by enclosing it in a glass or metal tube, or 
covering with a mica screen that surface of the plate which 
is exposed to the negative leg, either quite prevents or greatly 
reduces the production of this current. The experiments 
also have shown that the magnitude of the current flowing 
through the galvanometer is increased by bringing the plate 
near to the base of the negative leg, or, better still, making 
the metal plate in the form of a cylinder and making this 
cylinder surround the negative leg near its base ; and cor- 
respondingly it is diminished by removing it from the 
negative leg to a considerable distance, or by shielding this 
collecting-plate from the radiation from the negative leg of 
the carbon. The experiments with the condenser have also 
given evidence that when an insulated metal plate is sealed 
into a lamp, this plate is brought down either instantly 
or in a very short period of time to the potential of the 
negative leg near its base or to that of the negative electrode 
of the lamp. In looking for an explanation of these facts we 
are assisted by our previous knowledge that in carbon incan- 
descence lamps, when working at an efficiency equivalent to 
3 to 4 watts per candle-power, there is a gradual loss of 
carbon from all parts of the conductor. We know also that 
the carbon molecules which are projected from the conductor 
are thrown off into a space so highly vacuous that their mean 
free path is of a length comparable with, or greater than that 
of the dimensions of the glass bulb. The existence of 
molecular shadows in incandescence lamps * affords evidence 
that from intensely heated portions of the carbon conductor 
carbon molecules are projected in straight lines and move 
freely forward until they impinge against the glass. Com- 
mercial experience informs us that at and above a tem- 


* See J. A. Fleming, ‘ Philosophical Magazine,’ August 1885, p, 141. 
VOL. XIV. Q 
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perature corresponding to 3 watts per candle-power this loss 
of carbon becomes very rapid and thins away the filament 
in one place, or generally reduces the diameter of the carbon 
conductor. Hence we have every reason to believe that 
when in anormal state of incandescence the carbon conductor 
in a lamp is throwing off in all directions carbon molecules, 
and that in the vacuum usually obtained the mean free path of 
these projected molecules is comparable with the dimensions - 
of the vessel containing the conductor. ‘he whole of the 
experiments which are detailed here seem to be capable of 
consistent interpretation if we may justifiably make the 
hypothesis that these carbon molecules or atoms so projected 
from the conductor when intensely heated by the current 
flowing through it are all negatively charged. Some of the 
observed facts seem to point to the conclusion that the 
molecules projected from the incandescent conductor, whether 
they are portions of the conductor itself or molecules of the 
residual gases, respectively carry away negative charges 
proportional in magnitude to the potential of the conductor 
at the point from which they are thrown off. They may, 
therefore, be looked upon as condensers of small but definite 
electrostatic capacity charged to the potential (negative) 
of that part of the incandescent conductor at which they 
separate from it. We have then in addition to explain 
how it comes to pass that there are few or no projected 
molecules charged positively. Two suggestions may be made 
on this point: either the radiation of matter is wholly confined 
to that half of the conductor at a negative potential or the 
incandescent carbon molecule thrown off from the heated 
conductor cannot retain a positive charge. There is much 
to lead to the conclusion that from all parts of the incan- 
descent carbon conductor there is a constant radiation of 
matter carrying a negative electric charge. The nearer down 
to the negative electrode of the carbon we select our point 
of observation the greater is this molecular charge found to 
be. It will be convenient to denote this conveyance of 
electric charge by moving charged molecules by the term 
molecular electrovection. We can then state the hypothesis 
thus—from all portions of the negative leg of the carbon 
loop a process of molecular electrovection is going on when 
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the conductor is incandescent, the molecular charge being 
negative, and equal in potential to that of the point on the 
conductor from which it is projected. 

§ 21. On the assumption that a molecular shower of nega- 
tively charged atoms was being projected against the middle 
plate when the conductor of the lamp was incandescent it 
was considered probable that a positively charged conductor 
connected to the middle plate would be discharged, and this 
was found to be the case. 

Experiment 18.—A lamp of the form of No. 4, having a 
middle metal plate placed between the carbon legs, had its 
middle plate connected to one terminal of the Elliott gal- 
vanometer. The other terminal of the galvanometer was 
connected to one terminal of a condenser of 5 microfarads 
capacity. The other terminal of the condenser was connected 
by a wire to the gas pipes of the laboratory. The lamp was 
actuated by secondary batteries (see fig. 17) not very well 


Fig. 17. 
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insulated. If the condenser was charged to a potential of 
50 volts so that the plate next the galvanometer was pos?- 
tively charged, then this positive charge was instantly dis- 
charged when the carbon was rendered incandescent. If, 
however, the plate of the condenser in connexion with the 
middle plate through the galvanometer was charged negatively 
the condenser was not discharged when the lamp was illumi- 
nated by rendering its carbon incandescent. It is a very 
striking experiment to see a condenser charged Pic this 
Q 
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amount (250 microcoulombs) of electricity instantly discharged 
when its positive coating is brought into connexion with the 
middle plate of such a lamp. The discharge may be brought 
about either by joining up the positive side of the condenser 
to the middle plate first, and then rendering the carbon of the 
lamp incandescent by switching on the lamp, or the lamp 
may be first of all illuminated and then the junction of the 
condenser effected. In both cases the middle plate when 
positively electrified is instantly discharged. 

It was found that if the lamp carbon is rendered incandescent 
byahighly insulated secondary battery, then in order to produce 
the discharge, the plate of the condenser not in connexion 
with the middle plate, and which is negatively charged, must 
be somewhere connected with the battery circuit. It does 
not matter, however, whether the wire from the negative 
side of the condenser is in connexion with the positive or the 
negative pole of the secondary battery actuating the lamp ; 
all that is necessary is that the negative side of the condenser 
should be in conducting connexion with the circuit of the 
incandescent carbon. The experiment may be interpreted 
by considering that this negative charge of the condenser 
can escape out of the incandescent conductor and discharge 
across the highly vacuous space to the positively electrified 
cool middle metal plate; but that a positive charge cannot be 
discharged out of the hot conductor, or, which amounts to the 
same thing, a negative charge cannot discharge across from 
the cool metal plate to the incandescent carbon which is 
positively charged. We have then a unilateral conductivity 
exhibited by this highly vacuous space bounded by two 
electrodes one of which is incandescent and the other of 
which is cold. Negative electricity is discharged at once 
out of the hot surface but not out of the cold, and a 
negative discharge can take place from hot to cold but not 
vice versd. When the discharge of a charged condenser is 
effected by connecting the positive plate, through a galvano- 
meter, with a metal plate sealed into the lamp and the 
negative plate with the lamp circuit, and then switching on the 
lamp, there is a curious instant of delay betore the discharge 
begins. When the metal plate is placed very near the negative 
leg of the carbon the discharge of the condenser is complete 
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in one instant. This the case when a lamp of the type No. 4 
(fig. 18) is used. If, however, we employ a lamp of the type 
No. 2 (fig. 10), in which the metal plate is at some distance 
from the negative leg of the carbon, the discharge of the 
condenser is long drawn out and the electric charge in it is as 
it were tapped off slowly and not in one short sharp discharge. 

Moreover this effect of discharging a condenser takes place 
only when the carbon is above a fair red heat. At brilliant 
incandescence and when the carbon is above a temperature 
corresponding to 3 watts per candle-power, the discharging 
power of a lamp of the type of No. 4 is very great. A con- 
denser of 10 or 20 microfarads capacity charged’ to 50 volts 
is discharged instantly if its positive plate is connected to the 
metal plate placed not far from the negative end of the 
incandescent carbon conductor. 

The foregoing results were confirmed with lamps of other 
types. Using, for instance, a lamp like No. 6 with the 
aluminium plate placed outside the carbon horse-shoe and 
near the leg, the same discharging power for positive elec- 
tricity was found. It was not dependent on the direction of 
the current through the lamp carbon, although it seemed a 
little more vigorous when the leg nearest the plate was the 
negative leg. As above observed, the rate of discharge was 
much reduced when employing a lamp having the metal plate 
placed edgeways on to the carbon and some way from it, as, 
for instance, when employing a lamp of the form of No. 2. 

§ 22. Huwperiment 19.—A series of experiments was in this 
case also tried to determine the effect of shielding the negative 
leg of the carbon. The lamp No. 9 was employed, in which 
one leg of the carbon was enclosed in a glass tube connecting 
the positive plate of a charged condenser through a galvano- 
meter with the middle plate of the lamp, and the negative 
plate of the condenser somewhere to the battery circuit ; it 
was found that when the shielded leg of the carbon was the 
positive leg the condenser was discharged as before. If, 
however, the shielded leg or leg enclosed in the glass tuoe 
was made the negative leg, which could be done by reversing 
the current through the carbon conductor, then the condenser 
was not discharged when its positive plate was connected 
with the middle plate. 
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The same fact was less perfectly exhibited by employing 
the lamp with the middle plate having a removable mica 
shield on one side. Weare thus able to assure ourselves that 
the active agent in producing this discharging effect upon a 
positively charged body connected to the middle plate is the 
negative leg of the carbon conductor. The experiments were 
varied in many ways, but all pointed to the conclusion that if 
a charged condenser is connected to two terminals, one of 
which is a metal plate and the other a carbon conductor, both 
enclosed in a high vacuum but yet separated from each other 
by an inch or so of distance, the condenser is discharged 
instantly when the carbon terminal is rendered highly 
incandescent, provided that the negative plate of the con- 
denser is in connexion with it. 

§ 23. If the condenser is left in contact with the middle 
plate under some circumstances, not only is it discharged if 
previously charged but is charged again in an opposite 
direction. 

Experiment 20.—A condenser of 5 microfarads capacity 
perfectly discharged has its poles or terminals connected for 
one instant, one with the middle plate of No. 4 lamp and the 
other with the positive electrode of the lamp (see fig. 18). 


Fig. 18. 
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On removing it and testing it with the galvanometer G it is 
found that the condenser plate in connexion with the middle 
plate of the lamp has received a negative charge and the 
other plate of the condenser a positive charge. 
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If, however, the condenser is connected between the 
negative electrode of the lamp and the metal middle plate of 
the lamp, on insulating and testing it we find it has not the 
slightest charge. 

It is very astonishing to see how instantly a condenser of 
very large capacity is charged when one pole of the con- 
denser is connected to the middle plate and the other to the 
positive electrode of the lamp. 

§ 24. In considering the behaviour of the heated carbon 
electrode and the cool metal plate in their respective powers 
of discharging the positive or negative charge of the con- 
denser, it seemed that the fundamental fact was the power of 
the heated surface to discharge negative electricity out of 
itself. Hence arose the question, how far the observed facts 
would be modified if the middle metal plate itself could be 
also heated. One way by which this might have been done 
would have been to have rendered this plate incandescent by 
heating it by radiant heat concentrated by means of a powerful 
mirror or lens. Some experiments tried in this way were 
not satisfactory, and consequently a method was adopted in 
which a middle plate of carbon could be rendered incandescent 
electrically. 

Experiment 21.—A vacuum tube was provided with two 
carbon conductors (see fig. 19), one the ordinary carbon 
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filament L of a 50 volt lamp, and the other the small carbon 
S of a 4 volt lamp. The smaller carbon was sealed in the 
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usual way through the glass and placed so as to stand 
symmetrically between the legs of the larger carbon loop. 

The smaller carbon could be rendered incandescent by an 
insulated battery of fifteen secondary cells, appropriate 
resistance being introduced. The larger carbon also could 
be rendered incandescent by the proper electromotive force. 
If the smaller carbon was kept cold and employed simply as 
a third electrode or middle plate, all the phenomena previously 
described as happening with metal middle plates of aluminium 
or platinum took place. If the small (cold) carbon loop is 
connected through a galvanometer with the positive electrode 
of the larger carbon loop when this last is rendered incan- 
descent by a current, we find as usual a current of a few 
milliamperes passing through the galvanometer from the 
positive electrode of the larger carbon to the small carbon. 
If the small carbon (still cold) is connected through the 
galvanometer to the negative electrode of the larger carbon 
we get no current. This is the normal effect, and it is the 
same for a cold carbon conductor used as a middle plate as 
for a metal middle plate. 

Experiment 22.—The next experiment consisted in making 
this small carbon incandescent by an insulated secondary 
battery, appropriate resistance being inserted so that the 
carbon was brought to the normal condition of temperature as 
indicated by its incandescence. When this was done the 
galvanometer was inserted between the positive electrode of 
the large carbon loop and one of the electrodes of the small 
carbon loop. A current was obtained as before. On con- 
necting the galvanometer between the negative electrode of 
the large carbon loop and one of the electrodes of the small 
carbon loop, a current of nearly equal value was now obtained. 
In this last experiment it was found to be immaterial whether 
the terminal of the galvanometer was joined to the positive or 
to the negative electrode of the small carbon loop. Hence 
we find that when the small carbon loop is not incandescent 
and is used as a middle plate or electrode, it is brought down 
together with the insulated battery attached to it to the same 
potential as the negative end of the large incandescent carbon, 
and we get as usual a current through a galvanometer con- 
nected between the positive electrode of the large incandescent 
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carbon and any point on the small cold carbon, and no current 
between the negative electrode of the large hot carbon and 
the small cold one. On rendering the smaller carbon loop 
incandescent this is all changed. The smaller carbon, now 
hot, is not brought down to the potential of the negative ends 
of the larger carbon, and we get a current through a galvano- 
meter connected between either positive or negative electrode 
of the large hot carbon and any point on the circuit of the 
smaller equally hot carbon. 

§ 25. Experiment 23.—With this same vacuum tube having 
double carbons, further experiments were performed on the 
discharging power of the hot and cold electrodes for positive 
and negative electricity. The two carbons could be rendered 
incandescent either simultaneously or singly by two sets of 
insulated secondary batteries attached to each respectively. 
For the sake of distinction we shall speak of the large carbon 
loop in this bulb as the L loop and the smaller one as the 
Sloop. A condenser of 5 microfarads capacity (see fig. 20) 
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was employed, which was charged to a potential of about 
50 volts. When the positive plate of this charged condenser 
was attached to the carbon L and the negative side to the 
carbon §, then on making L incandescent by its own 
insulated battery and keeping S cold, the condenser was 
found not to be discharged when insulated and tested by a 
galvanometer, If, however, the same charged condenser was 
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connected in the same way to the two carbons and the 
carbon §, to which the negative side of the condenser was 
attached, was made incandescent, the condenser was instantly 
discharged. If the direction of the charging of the condenser 
was reversed the same rule was found to hold good. The 
condenser was discharged if the negatively charged plate of the 
condenser was connected to the incandescent carbon loop, but not 
if it was connected to the cold carbon loop. Beginning with 
the condenser charged and connecting it in between the two 
carbon loops, neither of them being incandescent, then the 
condenser was discharged instantly if that loop to which the 
negatively charged side of the condenser was attached was 
rendered incandescent, but not discharged if the loop to 
which the positive side of the condenser was connected was 
rendered incandescent. If both loops were rendered incan- 
descent simultaneously the condenser in any case was dis- 
charged, but apparently at an accelerated rate. These 
experiments show again that if two carbon electrodes are 
sealed into a high vacuum, negative electricity escapes very 
freely out of either electrode if it is rendered incandescent, 
but that the escape or discharge of positive electricity is not 
in the same way facilitated by heating the positive electrode. 
Accordingly a highly vacuous space bounded by two carbon 
electrodes separated by a distance less than the mean free 
path of the gaseous molecule at that pressure, presents a 
unilateral conductivity when one of these electrodes is cold 
and the other highly incandescent. For if the hot electrode 
is connected to a negatively charged body and the cold 
electrode to a positively charged body, discharge takes place 
across the vacuous space, but if the charges are reversed then 
no discharge takes place. The negative charge can escape 
from the heated electrode but not from the cold one. 

§ 26. Haperiment 24.—The question of the apparent uni- 
lateral conductivity of the vacuous space bounded by a hot 
and a cold electrode was then further examined by the aid of 
the lamp No. 6 formerly used. 

In this lamp an aluminium plate is sealed into the vacuum 
and placed just outside the carbon horse-shoe. If a sensitive 
galvanometer (the high resistance Hlliott galvanometer) is 
joined up between the metal plate and the negative electrode 
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of the lamp, then, asin other cases when the lamp is in action, 
no current of a magnitude much greater than -0001 of a 
milliampere is detected. If a single Clark standard cell is 
inserted in the galvanometer circuit (see fig. 21) with its 
negative pole attached to the middle plate and its positive 
pole to the galvanometer terminal, the current is barely if at 
allincreased. In this case the negative pole of the Clark cell 
is in connexion with a cold metal electrode and the positive 
pole is in connexion through the galvanometer with the 


Fig. 21. 


NO CURRENT 


incandescent carbon electrode, and under these circumstances 
the galvanometer detects no current flowing. The position 
of the Clark cell is now reversed, and it is joined up so that 
its positive pole is in connexion with the middle plate and its 
negative pole in connexion, through the galvanometer, with 
the incandescent carbon electrode. It is then found that a 
considerable current of some few milliamperes in magnitude 
is flowing through the galvanometer. The direction of this 
current in the ordinary way of speaking is from the negative 
electrode of the lamp through the galvanometer to the metal 
plate sealed into the bulb. We thus find that a negative 
current of electricity can be made to flow across the vacuous 
space between the incandescent carbon and the metal plate 
from the hot carbon to the cooler metal plate, but not in the 
reverse direction. The space presents an apparently uni- 
lateral conductivity. 
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§ 27. Experiment 25.—The same experiment was repeated, 
only using instead of a Clark cell an insulated secondary 
battery of 25 small cells. When the secondary battery 
(see fig. 21) was connected with its negative pole to the 
metal plate and its positive pole through the galvanometer to 
the negative electrode of the carbon, no current greater than 
that found with the Clark cell similarly arranged was found ; 
but if the secondary battery was reversed and joined up with 
its positive pole to the middle plate and its negative pole 
through the galvanometer to the negative electrode of the 
incandescent carbon, then so strong a current flowed through 
the galvanometer that it could not be measured without 
shunting-down the galvanometer considerably. The same 
experiments were repeated with the lamps having the zigzag 
wire as a metal plate, No. 7, and the same general results 
obtained. These experiments therefore show that in a circuit 
which consists partly of a galvanometer-wire and partly of a 
highly vacuous space bounded by two electrodes—one a metal 
plate and the other an incandescent carbon surface,—the 
insertion of an electromotive force in one direction can produce 
a very sensible current, but that if the electromotive force is 
reversed then no current flows. The direction of the electro- 
motive force must be such as to urge negative electricity from 
the hot surface to the cold across the vacuous space. 

§ 28. Haxperiment 26.—In order to make use of different 
parts of the incandescent conductor as the electrode opposed 
to the metal plate, recourse was had to the lamp No. 3, with 
metal (aluminium) cylinders embracing without touching the 
carbon at two different places. These cylinders, as before, we 
will call X and Y (see fig. 22). Cylinder X was the one near 
the base of the positive leg of the carbon, and cylinder Y was 
the one near the top of the negative leg. 

When the galvanometer was connected between the negative 
electrode of the lamp and the cylinder X surrounding the 
lower part of the positive leg, no perceptible current was found 
to be passing when the carbon was rendered incandescent. On 
inserting a single Clark cell in series with the galvanometer so 
that the negative pole of the cell was in connexion with the 
cylinder X and the positive pole of the cell through the galvano- 
meter in connexion with the negative electrode of the lamp, 
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hardly any perceptible current was found to be passing (see 
fig. 22). The Clark cell was then reversed, connecting the 
positive pole of the cell to the cylinder X and the negative pole 
through the galvanometer to the negative electrode of the 
lamp. On bringing the lamp into action, a considerable 
current of several milliamperes was found to be passing in such 
a direction that a current of positive electricity was flowing 
across the vacuous space from the metal cylinder to the hot 
carbon, or a negative current from the hot carbon to the cooler 


Fig. 22. 
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metal cylinder. On switching-off the lamp, there was a curious 
“kick ” or throw” of the galvanometer, indicating a sudden 
rush of current in the same direction as the steady current 
which the cell had been sending. These effects occurred also 
when the cylinder Y was employed, and the galvanometer with 
or without the cell in series joined in between the negative 
electrode of the lamp and the cylinder Y embracing the top 
part of the negative leg of the carbon (see fig. 22) ; but in the 
last case the steady current sent by the cell across the vacuous 
space between the cylinder and the hot carbon was only about 
a quarter as great in magnitude as when the cylinder X was 
employed. There was the same kind of “kick”’ of the galvano- 
meter on breaking the lamp-circuit. These experiments evi- 
dently showed that the highly vacuous space between the hot 
carbon traversed by its own current, which rendered it incan- 
descent, and the insulated cylinder possessed a sort of unilateral 
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conductivity, negative electricity from a separate source of 
small electromotive force being able to be forced through it 
from the hot carbon surface to the cooler metal surface, but 
not in an opposite direction. 

§ 29. In the above-recorded experiments the carbon con- 
ductor was rendered incandescent by a unidirectional or con- 
tinuous current in a highly perfect vacuum. In seeking for 
an hypothesis to connect them together, it became essential to 
ascertain how the effects would be modified if the vacuum 
was iniperfect and if the current was alternating instead of 
continuous. 

Experiment 27.—The fundamental experiment was therefore 
repeated with the normal type of lamp (No. 4), having a middle 
metal plate placed symmetrically between the legs of the 
carbon. A lamp of this type was set in action by an alternating 
current of suitable strength and of which the frequency was 
some 80 to 100 per second. On connecting the milampere- 
meter between either of the electrodes of the lamp and the 
middle plate, a continuous electric current was found flowing 
through the galvanometer. The direction of this current was 
such that positive electricity was found to flow from either 
lamp terminal to the middle plate of the lamp. In other words, 
a continuous current of negative electricity flowed out of the 
middle plate to one or other of the two terminals of the lamp, 
viz. to that terminal to which the other extremity of the gal- 
vanometer was joined. Hence, since in this case each leg of 
the carbon becomes in rapid succession positive and negative 
when the lamp is operated with an alternating current, the 
unilateral effect observed of a current flowing between the 
middle plate and the positive leg, when the current through 
the carbon is a continuous current, is here found to exist 
equally between the middle plate and both terminals of the 
lamp. This is only what might have been expected. The 
potential of the middle plate is then not the same as that of 
the base of either leg of the carbon, but something between 
the two depending upon the position of the plate. 

— §30. Experiment 28.—The effect of lowering the vacuum 
was also the subject of experiment. In a lamp with a highly 
perfect vacuum no current greater than about ‘0001 milli- 
ampere is observed when a very sensitive high-resistance 
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galvanometer is joined up between the negative electrode of 
the carbon and the insulated middle plate, and, as we have 
seen, the experiments with the electrostatic voltmeter showed 
that the plate was brought down under these circumstances to 
the potential of the base of the negative leg of the carbon. If, 
instead of employing a very perfect vacuum, a bad one is pro- 
duced by imperfectly exhausting the lamp, then it is found 
that under these conditions the Elliott galvanometer indicates 
a not inconsiderable current of something approaching to a 
milliampere when joined in between the negative electrode of 
the lamp and the middle plate. Hence, when the vacuum is 
imperfect the equality in potential between the middle plate 
and the negative electrode is not maintained. 

The direction of the-current in this last case is such as to 
show that negative electricity is flowing through the galvano- 
meter from the negative electrode of the lamp to the middle 
plate. In other words, negative charge is carried over from 
the plate to the positive leg of the carbon across the imperfectly 
vacuous space ; and the means by which this is effected is the 
residual air. This seems to afford proof that the normal effect 
of the molecular electrovection of negative electricity from the 
negative leg is due to carbon molecules, and that the presence 
of residual air exhibits itself, when present beyond a certain 
amount, in producing an effect which the carbon molecular 
electrovection cannot produce. 

§ 31. Laperiment 29.—It seemed very desirable to ascertain 
_ if the effect of molecular electrovection exists in the case of 
an incandescent platinum wire rendered vividly incandescent 
in a highly perfect vacuum. A bulb was accordingly con- 
structed similar in every way to lamp No. 4, but having a 
platinum-wire horse-shoe conductor and a platinum middle 
plate. When this wire was rendered highly incandescent by 
a continuous current, a sensitive galvanometer (the high- 
resistance Elliott) showed a current of about one five- 
thousandth of a milliampere when connected between the 
positive electrode of the incandescent wire and the middle 
plate, but little or no current when connected between the 
negative electrode and the middle plate. This molecular 
electrovection current was thus very much less in magnitude 
than that observed in the case of the carbon filament lamps, 
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but it is in the same direction. We are, however, enabled to 
state that at a condition of vivid incandescence just short of 
fusion a platinum wire in vacuo exhibits the same effects as a 
carbon filament, and that it can disturb the electrical condition 
of an insulated metal plate near it sealed into the same vacuum 
and tends to bring it down towards the potential of the negative 
end of that platinum wire. 

On the hypothesis that all these effects are due to a scattering 
of negatively charged molecules from the incandescent con- 
ductor, we must affirm that the same process goes on in a 
platinum wire rendered incandescent in a vacuum, only that 
the radiation of matter is far greater in the case of the 
incandescent carbon than it is in the case of the incandescent 
platinum. 

§ 33. If a lamp is selected having an insulated plate fixed 
between the legs of the carbon filament, it is found that under 
certain conditions the electric conductivity of the vacuous space 
between the plate and the negative leg is much affected by the 
presence of a magnetic field. Ifa galvanometer, preferably a 
movable coil galvanometer, having a resistance of about 500 
or 600 ohms, is connected between the middle plate and the 
negative leg it will show but little current passing when the 
lamp is incandescent at normal temperature. If the volts on 
the lamp terminal are raised so that the filament is brought 
into a state of incandescence corresponding to about 2°5 or 
3 watts per candle, then the galvanometer will show a small 
current passing through it. If then a horse-shoe magnet is 
held so as to create a magnetic field the direction of which is 
across the space between the plate and the negative leg, the 
current indicated by the galvanometer immediately decreases 
considerably. This happens irrespective of the direction of 
the field so long as it is across the direction of the line joining 
the negative leg and the middle plate. This indicates that 
the presence of this transverse field increases the resistance of 
the rarefied gas. The galvanometer current responds to the 
presence of the magnet in a manner which shows that the 
resistance to the flow of the current through the gas is 
increased by creating a magnetic field at right angles to the 
line of the current. The general fact that gaseous resistance 
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is increased by such a transverse magnetic field has been 
already noted and described by Professor J. J. Thomson. The 
behaviour of bismuth as regards electrical resistance in a 
magnetic field is strikingly similar. 

The “jumping ” of the current from one value to a higher, 
which has been already mentioned, appears to be due to some- 
thing equivalent to a sudden change in the resistance of the 
space between the negative leg and the middle plate when the 
lamp is in action and at high incandescence. The fact of 
sending a small current through this space seems to effect a 
change in the qualities of the rarefied gas as a conductor which 
makes it conduct better. There are certain after-effects in 
some cases which are strongly similar to the polarization of 
electrodes observed in the case of liquid electrolysis, and which 
seem to point to the validity of the view that gaseous con- 
duction is effected by a similar process. 

The experiments also confirm the opinion of Professor J. J. 
Thomson that gases, or at least certain gases in a rarefied con- 
dition, are very good conductors, and they show that the 
greatest part of the obstacle to conduction through a vacuum- 
tube is at the electrodes and may be largely removed by 
heating the kathode to incandescence. 


DISCUSSION. 


Prof. 8. P. THompson said he would like to have some 
information as to the state of exhaustion of the lamps; 
whether this was such as is found in ordinary commercial 
famps, or whether it more nearly approached that used 
by Crookes. A great change in the conductivity, &., took 
place at an exhaustion slightly greater than that ordinarily 
found in incandescent lamps.. It would be of interest to 
vary the size of the kathode, and to investigate whether 
the magnitude of the effects observed depended on the fall 
of potential per unit length along the filament. Another 
point was whether the position of the plate for which the 
effect was a minimum was the same for all lamps, or whether 
it changed with the volts and the length of the filament 
employed. Again, did the minimum occur at a certain 
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fraction of the distance between the positive and negative 
leads, or, as was the case in some of the phenomena observed 
by Crookes, at a definite distance from either of the leads? 
These points might be investigated by means of a lamp with 
a straight filament, where the fall of potential per unit length 
along the filament could be made the same as with the loop- 
shaped filament, but the fall of potential per unit length in 
the vacuum would be different. The author’s proposed ex- 
periment of heating the kathode by concentrating on it the 
rays of a lamp did not seem to him (Prof. Thompson) to 
differ materially from Crookes’ experiment in which an 
incandescent wire, heated by a current, was used as the 
kathode. 

Mr. Sxryyer said that the heating of the kathode by means 
of a “ burning-glass” could easily be carried out. 

Mr. Biaxustiey pointed out that it would be quite pos- 
sible to produce an increase of the current by means of a 
magnet. 

Mr. Searze said that Prof. J. J. Thomson had shown that a 
magnet affected the conductivity of a gas. 

Prof, FLEMING, in his reply, said that no doubt the effects 
were largely dependent on the vacuum in the lamps. The 
lamps employed were exhausted to the ordinary commercial 
vacuum. Since it was found that the “ treating” was more 
worn. off the negative leg of the filament, and that a screen 
placed between the legs of the filament was more blackened 
on the side turned towards the negative leg, it would appear 
that the particles of carbon were shot off from the negative 
leg, and hence perhaps the charge was carried by these 
carbon molecules. 
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XVII. Adjustment of the Kelvin Bridge. 
By Roitto APPLEYARD*, 


In a recent paper by Mr. J. H. Reevest an alternative 
method of adjusting the ratios of the resistances in the 
Kelvin bridge was described ; the following remarks may be 
regarded as a note upon that paper. 

The measurement of a resistance by the arrangement 
adopted by Mr. Reeves involves two operations. It may be 
shown, however, that for certain purposes the two adjust- 
ments can be combined mechanically, and balance effected 
by a single test. 

Fig. 1. 


Consider the conductors R, 7, a, b, «, and y in fig. 1. It 
is required to compare R with r. In the accepted form of 
the Kelvin bridge a, }, x, and y have fixed values, such that 
ay=bx, and balance is obtained by the one operation of 
varying Ror vr. Mr. Reeves prefers to keep R and r fixed ; 
and, consequently, he has first to find provisional values of a, 
b, z, and y such that ay # bz; and then to balance again, 
using these values, to find R:+; with the plug, this time, 
inserted at P. 

But fig. 1 suggests that a+b, and «+y, or convenient 
parts of them, may each be formed into a slide-wire, and 
that these two slide-wires may be placed parallel to one 
another, with a double sliding-contact between them, as 
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shown in fig. 2. Then, in whatever position the slider may 
be, the fundamental ratio ay=6e is always maintained, and 


Fig. 2. 


the first condition of the Kelvin bridge is mechanically ful- 
filled. The one adjustment consists in moving the double 
slider along the bridge until there is no deflexion of the 
galvanometer at g ; in which case 


A 
by + 
Since writing the above, I have referred to the original 
paper of Lord Kelvin (Proc. Roy. Soe. vol. xi. p. 313, 1861), 
and find that he proposes the use of parallel slide-wires for 
his auxiliary conductors; I have no doubt he had in view 
some such apparatus as that which I have here suggested. 
A Kelvin bridge with a single slide-wire was used by Mat- 
thiessen and Hockin in their differential method; it is 
described by Clerk-Maxwell in ‘ Hlec. and Mag.’ vol. i. p. 406 
(1873). : 


Discussion. 


Mr. Reeves said that apparently the author had com- 
pletely missed the object of his (the speaker’s) paper. For 
the object there aimed at was to make use of such sets of 
resistance-coils as are always to be found in any laboratory. 
In the author’s arrangement it would be necessary to carefully 
calibrate the two wires, and also, since the resistances used 
must necessarily be small, to determine the resistance of the 
contacts. 

Prof. AyRToN (communicated) said the author’s suggestion 
was ingenious, but did not obviate the necessity for much of 
Mr. Reeves’ “addition.” Further, Mr. Reeves’ proposal 
to employ ordinary resistance boxes was not made because 
such resistances are absolutely necessary, but because, since 
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they are to be found in every laboratory, their use saves the 
expense of such a wire resistance, accurately calibrated, as 
Mr. Appleyard employed. 

Mr. APPLEYARD, in his reply, said that his instrument 
was designed for use in a factory, where the time saved in 
making a series of tests was of more importance than the cost 
of the instrument. 


XIX. The Effect of Wave Form on the Alternate Current 
Arc. By Juutus Fria, 1851 Exhibition Scholar*. 


In the paper by Dr. Fleming and Mr. Petavel, recently read 
before the Physical Society, on the Alternate Current Arct, 
I think too little attention was paid to the wave form of the 
alternate current used. 

It is known that if the are is allowed to exert a prepon- 
derating influence at all on the alternate current circuit, it 
alters the wave form of both the current and the P.D. ina 
very marked degree. 

As an illustration of the change produced in the wave 
form by the character of the external circuit, I give some 
curves for alternate current arcs taken from a paper which I 
read before the Manchester Literary and Philosophical Society 
in March 1894. 

Here is shown, first the E.M.F. curve of the machine on 
open circuit. which is rather more peaked than a sine curve 
and involves the third harmonic largely. Next is shown the 
curve obtained under the same conditions, but with an arc 
lamp taking 10 amperes at 40 volts joined direct to the 
machine. 

The Jag recorded is due to the self-induction of the machine, 
which was a “ Wilde” alternator, the armature of which 
contained iron. 

It will also be noticed that the first ordinates of the curves 
are not quite equal to the last ordinates ; this is due to the 
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curve being slightly asymmetrical. The whole period is only 
one third of the revolution of the alternator (shown as 120 
degrees in the figure). In one complete revolution this lack 
of symmetry would of course disappear. 

It is seen that the are alters the wave form from a peaked 
curve to a very flat topped curve, changing sign almost 
instantaneously, and with two small maxima, which occur — 
respectively just before and just after each reversal. The 
next curve shows the effect of adding a resistance of 1 ohm 
in series with the are. This smooths out the two maxima, 
but otherwise does not affect the shape materially. 

The current and P.D. curves with 5 ohms in series with 
the are are next shown. Both waves now assume much more 
the form of the E.M.F. curve on open circuit, except at the 
zero line. Here the P.D. curve crosses the line twice in each 
direction, and the current curve runs paralJel to the zero line 
for some way before crossing it. 

These curves show, I think, the great effect that the arc has 
on the wave form, and also how this effect can be destroyed 
by placing resistance in series with the are. 

In a paper by Réssler and Wedding, which appeared in the 
‘ Electrician’ for August 31st, 1894, it was proved that an 
alternate current arc is more efficient, that is, gives a higher 
candle-power for the same electric power consumed, when the 
alternating current feeding it has a flat-topped than when it 
has a peaked wave form. 

Réssler was, however, mistaken, I think, in assuming that 
the machine was making that curve. Indeed, this mistake 
runs through the whole of this otherwise most valuable paper. 
Rossler took three machines giving, as he thought, wave forms 
from the extremely peaked to the extremely flat wave, and 
determined the efficiencies of the same arc lamp for each of 
them. Whereas exactly the same results might have been 
obtained from one machine alone on causing it to give a 
higher voltage by increasing the field excitation and then 
absorbing the excess of voltage in resistance, exactly as in 
the case of the Wilde alternator above referred to. 

1 understand that in the experiments described by Dr. 
Fleming and Mr. Petavel there was always a resistance 
amounting to 7 ohms outside the arc, and hence a wave form 
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was forced upon the are which, as Réssler has proved, is not 
the most efficient one, and which the arc would convert into a 
form better suited to itself if it had been allowed to do so, as 
- itisin commerce. This consideration must affect, not only 
the efficiency, but also the curves which Fleming and Petavel 
obtained for the variations in the luminous intensity. 

Further, this action of the arc in modifying the wave form 
may throw some light on the discrepancy between the 
efliciency of alternate current arcs as determined in the labora- 
tory and that stated to be obtained in practice. 

When an arc is run in the laboratory, a large resistance is 
almost certain to be put in series with it to ensure that degree of 
steadiness which is essential to exact measurement, and hence 
the arc cannot alter the wave form. In the commercial use of 
ares, on the contrary, the circumstances are widely different. 
In this case, for economic reasons, the are must form a large 
percentage of the total “ reactance ” of the circuit, and there- 
fore can easily alter the wave to the form required for the 
greatest efficiency. 

It is interesting to note that the wave form giving the best 
result for the arc is almost exactly the opposite to that giving 
the best efficiency for transformers. In the former case a 
flat-topped wave is best, while for the maximum efficiency of 
transformers an exceedingly peaked wave is best, as lately 
found by Dr. Réssler. 

This points to the building of alternators for use with 
transformers in such a way as to give peaked wave-forms. 

In the case of the are the building of machines to give the 
most efficient wave form is not so necessary, since, generally, 
the arc itself has the power of automatically converting any 
wave form into the one best suited to its requirements. 
Nevertheless, when the arc has to run in series with a large 
resistance it is of the utmost importance for obtaining the 
best efficiency that the machine should give a flat-topped 
wave. 


City and Guilds of London Central Technical College, 
April 2, 1896. 
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Discussion. 


Mr. BLAKESLEY said it seemed as if the more nearly the 
alternate current resembles a direct current, z.e. the longer 
in each period the current remains constant, the greater is 
the efficiency of the are. 

Mr. Pricx asked what was the eause of the reaction of the 
are on the wave form ? 

Mr, TremLerr Carter asked whether previous observers’ 
results were vitiated by this action of the are on the wave 
form ? 

Prof. Ayrton (communicated) considered the author’s 
suggestion of great importance, as bearing on the efficiency 
of the alternate current arc. 

Prof. 8. P. Taompson said that the dynamo employed by 
the author was one in which there was a large quantity of 
iron in the armature, so that the self-induction was large. 
Was it not on account of this large coefficient of self- 
induction, which would tend to keep the current constant, 
that the are was able to alter the wave-curve? If an arc is 
connected to the mains of a supply station in which a number 
of machines in parallel are feeding a number of lamps, would 
the arc still be able to affect the wave form of the current? 

Mr. TremuetTt Carter asked if the author had tried the 
effect of replacing the arc by a resistance such that it would 
absorb the same volts as did the arc, and comparing the 
curves for the current and impressed P.D. with those ob- 
tained with the are. 

The AuTHoR, in his reply, said that the effect of the self- 
induction of the machine was shown in the curves. Current 
curves had not been taken with the arc straight on the 
machine. The current and self-induction were the same for 
all the curves, the voltage of the machine being increased by 
increasing the field when resistance was placed in series with 
the are. When, as is commonly the case, special machines 
are used to supply arcs, and the load consists solely of ares, 
the ares could alter the character of the wave form. If the 
are is replaced by a resistance, the wave form is of the same 
type as is obtained for the H.M.F. of the machine on open 
circuit. 
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XX. On the Magnetic Field due to an Elliptical Current at a 
point in its plane within it. By J. Virtamu Jonss, 
M.A., B.Sc., F.R.S., Principal and Professor of Physves 
in the University College of S. Wales and Monmouthshire, 
Cardif*. 


4 1. Ix a communication presented to Section A of the 


British Associationt at Oxford in 1894, giving an account 


of measurements made to determine the value of the Inter- 


national Ohm in absolute measure by the method of Lorenz, 
I referred to a small error consequent on the fact that my 
standard coil is wound on a cylinder, the section of which 
at right angles to the generating lines is not a circle but an 
ellipse of small excentricity. 

In considering the effect of this ellipticity on the value of 
the resistance calculated from the observations, it must be 
noted that the ordinary formula implies that the coil is 
circular. This formula is 


Re—aie, 
where R=the resistance in absolute measure, 
M=the coefficient of mutual induction of the standard 
coil and disk circumference, 
n=the number of revolutions of the disk per second. 


But we are primarily concerned with the balance of the 
electromotive force between the ends of the resistance when 
the current is passing through it, and the electromotive force 
between the points of contact of the brushes on a radius 
of the rotating disk when the same current is passing through 
the standard coil; and this balance gives us, in the general 
case, the formula 


R = 2am | 


a 


1 LUO, Geers. ie acon Pe 
we “0 

where a and a, are the distances from the centre of the disk 
of the points at which the internal and external brushes are 


* Read May 22, 1896. 


Tt Report of Electric Standards Committee, Appendix II., Brit. Assoc. 
Report, 1894. 
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applied, and H is the magnetic-field intensity at a point 
on the radius through these points of contact at a distance r 
from the centre when unit current is passing through the 
standard coil. [If the coil is circular and coaxial with the 
disk, this formula simplifies into the formula first mentioned. | 

§ 2. In the case of the coil used in my observations, the 
dimensions of which are given below, the excentricity of the 
elliptical section is so small that the value of the integral (A) 
differs only by a small quantity from the value it would have 
for a coil otherwise similar but of circular section with radius 
equal to the arithmetic mean of the semiaxes of the elliptical 
section ; and to a first approximation we may assume that the 
percentage correction to be applied to the value of the integral 
for the circular coil to obtain its value for the elliptical coil is 
the same as the percentage correction to be applied to its 
value for the circle in which the mean plane cuts the circular 
coil to obtain its value for the ellipse in which the mean plane 
cuts the elliptical coil. It will be sufficient for our purpose, 
therefore, to calculate the latter percentage correction. 

§ 3. Let H, be the value of the field intensity at a given 
point in the disk due to unit current in the ellipse, and H the 
value of the field intensity at the same point due to unit 
current in the circle coplanar and concentric with the ellipse 
and of radius ¢ equal to the arithmetic mean of its major and 
minor semiaxes. 

Then we have, in this case, 


LN = Dey nf pHide 


ae af rH dr+ dan) + (H,— H.) dr 


=nM,+ 2on{ ro dr 


= n(Mc+B), 
where M,=the coefficient of mutual induction of the circle 
and disk circumference, 
and o=H —He. 
$4. To obtain the value of B, we must first find an 
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expression for the intensity of magnetic field (H,) due to an 
elliptical current at a point in its plane within it in terms of 
the semiaxes of the ellipse and the coordinates of the point. 

Let the equation to the ellipse be 

oe ex m+ ho =1, 

and let £, 7 be the coordinates of the point in question, 

The intensity of the magnetic field at the point (€,7) may 
be expressed by the formula 


20 0 
ner 
glee a 


where p, 6 are the polar coordinates of a point on the ellipse 
referred to the point (&, 7) as origin. 
Forming the polar equation to the ellipse with the point 
ae ; 1 ead Woe 
(&, n) as origin, solving for —, and substituting in the above 
equation, we have p 


b 2a 5 : 
Eee area | dO /f? cos? 6+ 2h? cos 6 sin 0+4¢’ sin? 6, 
where PP? =—7’, 
g = —#, 
i s57). 


Let ¢’, x? be determined by the equations 
¢?+ D i eke et) 2 
—h' 7% 


¢ 2 I} 
and we have ‘ Pg 
H abe 2 Gos? a a 
une dO “/ $? cos? 0+? sin? A 
Aab 
~ pe 3 E(¢, x) 


where 


5($,x)= ( F 9 GF coF OF x sin? 8, 


an elliptic integral of the second kind. The value of E(¢, y) 
for any values of @ and x may be readily calculated by finding 
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their arithmetico-geometrical mean (v. Cayley, ‘ Elliptic 
Integrals,’ chap. xiii.). 
§ 5. In the case of my standard coil 
a=10°5419 inches, 
b=10°5340 inches, 


and the angle made by the radius of brush contact with the 
major axis is approximately 55°. 

I have calculated the values of H, and H, for points on 
this radius distant 1 inch, 2 inches, 3 inches, &., from the 
centre, with the following results :— 


tr. He+2o0, He+2@, o+2a, rote, 
0 094896 094896 000000 ‘000000 
aI "095542 “095542 “000000 “000000 
2 *097551 "097552 “000001 “000002 
oS *101142 °101144 “000002 *000006 
4 *106764 ‘106768 “000004 ‘000017 
2 °115252 *115260 ‘000008 ‘000040 
6 *128235 *128250 ‘000015 -000089 
7 "149170 "149198 “000028 “000199 
o=—He—He. 


§ 6. We are now in a position to calculate the value of B. 
In the apparatus I used 
A= 0585, 
ay = 64949, 


By numerical integration between these limits we have 
(x ‘Te dr=000163, 


and 
B =2a ‘radr=-00643. 


Also we have 


a, =— 64949, 
and e=10°5377, 
and hence M,=94:014, 


and therefore 
B+M,=:0000684, 


or the required correction is ‘00684 per cent. 
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And by the argument contained in § 2 this may be taken 
to be to a first approximation the correction to be applied in 
the case of the coil. Now the coefficient of mutual induction 
of the coil and disk, calculated on the assumption that the 
section of the coil at right angles to the generating lines is a 
circle of radius ¢, is equal to 16613°75. Adding the caleu- 
lated percentage correction to this value, we have finally for 
the apparatus used by me 

R=n (1661375 + 1:14) =16614'89 n. 


The value of the International Ohm in absolute measure 
previously given by me in the paper to which I have referred 
was 


‘99976 x 10° absolute units. 
The value corrected for the coil ellipticity is 
99983 x 109 absolute units. 


DISCUSSION. 


Prof. Si.vanus THompson said that this paper was of 
interest, not only on account of the application which 
others might make of the author’s method, but also in that 
the correction, when applied to Prof. Jones’ results, brought 
the international ohm more nearly into accord with the true 
ohm. 

Mr. J. J. Watxer said he considered that the paper was 
better suited to the Mathematical Society. The integration 
which the author reduced to elliptic integrals might be more 
easily performed by another method. 

Prof. Ayrton said that Prof. Jones’ value for the true 
ohm was now 106°302 c.m. of mercury. 
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XXI. Dielectrics. By Rotto APPLEYARD *, 


SomME experiments upon the change of resistance of certain 
dielectrics with the duration of the testing-current, and 
with the testing-voltage, were described in a paper f which I 
read before the Physical Society two years ago. In continua- 
tion of this research some further tests have been made, the 
principal object being to determine the effect of temperature 
upon the dielectric resistance. For this purpose, mica and 
paraffined paper, in the form of condensers, have been 
chosen. 

The resistances are measured by the “direct deflexion”’ 
method, and are expressed in megohms pro microfarad. The 
testing-voltage is the same throughout all the tests (450 
volts), and each measurement is computed from the galvano- 
meter-reading noted after the testing-current has been 
applied for one minute. 

Two paraffin-paper condensers, each of one microfarad, 
and eight mica condensers, each of half a microfarad, were 
enclosed, separately, in water-tight cases, and submerged in 
a tank of water, the temperature of which could be con- 
tinuously controlled. The platinum thermometers { used for 
determining the temperature within the dielectric of the 
condensers have already been described. 

Connexion between the condensers and the testing- 
apparatus was made by wires insulated with india-rubber ; 
these were twenty-five feet long. The connexions within 
the condenser cases, where the wires were soldered to the 
respective sets of tin-foil sheets, were carefully sealed with 
paraffin wax. The ends of the leads were bared and cleaned 
in the usual way, for about six inches. Two such insulated 
wires were connected to each condenser, one to each set of 
tin-foil sheets. 


* Read May 22, 1896. 

t+ ‘* Dielectrics,” Proc. Physical Soc, xiii. p. 155, 1895; Phil. Mag. 
Oct. 1894, p. 396, 

{ A “ Direct-reading ” Platinum Thermometer. Proc. Physical Soc. 
March 1896; and Phil. Mag. Jan. 1896. 
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Surface Leakage. 


Suppose a current to enter one of these condensers at one 
of its insulated leads, which we will call A ; and the second 
lead, B, put to earth. It is clear that there are at least four 
paths—(a), (b), (c), (d)—for the current between A and 
earth :— 


(a) Surface leakage at the end of A where the current 
enters the lead. 

(b) Surface leakage at the end of A within the condenser. 

(c) Surface leakage over the dielectric within the con- 
denser. 

(d) Through the dielectric of the condenser. 


The leads can generally be so chosen that there is practically 
no conduction through their dielectrics. When measuring 
the resistance of the condenser by the “ direct deflexion” 
method, the current to which the galvanometer responds is 
that due to the sum of the currents through (a), (0), (¢c), and 
(d). We have to determine what the deflexion would be if 
all the current went by way of (d). This can be done, 
approximately, by taking a preliminary test, with the end B 
disconnected from earth, and carefully cleaned ; noting the 
deflexion after the current has been applied at the end A 
for one minute. The deflexion thus obtained must be 
deducted from the deflexion observed during the second 
operation, which consists in putting the end B to earth, and 
again applying the current and noting the deflexion after 
one minute. 

It sometimes happens that we want to separate (a) from 
(6) and (c) ; that is to say, we require to know what part of 
the preliminary deflexion is due to the exposed lead, and what 
part is due to internal leakage at the condenser. For this 
purpose I have applied a suggestion made to me by Mr. W. 
A. Price *, and have used a “ guard-wire” to eliminate the 
leakage at (a2). The method, which was used for its first 
trial in connexion with these experiments, consists in winding 


* This method has since been described by Mr. Price. See ‘ Electrical 
Review,’ vol. xxxvii. no, 941, p. 702 (1895). In the appendix to the 
present paper I have evaluated the possible errors, and shown that they 
are negligible, 
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one or two turns of bare wire around the cleaned end of A, 
at some point not very far from the middle of the cleaned 
portion, intercepting the path of leakage. This wire is then 
connected to the testing-battery, as shown in fig. 1. 

The efficacy of the “ guard-wire” for the present tests 
was proved by the following experiment. A copper earth- 
wire was given several turns around the insulated lead A, 
just above the cleaned ends, to facilitate leakage ; and the 
preliminary test was then made in the usual way. The 
observed deflexion, due to (a), (b), and (c), was 4 divs. The 
cleaned end was then smeared with a mixture of glycerine 
and blacklead, and the resulting deflexion was far off the 


Fig. 1. 


Mn Tr 
= = (REEREEELEREEL £ > 


zz 


scale ; (a) had been increased enormously. A “guard-wire” 
was then applied at the middle of the smeared portion of the 
lead, and the deflexion was at once restored to its original 
value of 4 divs. 

In practice it was always possible to avoid leakage (a) by 
giving a little care to the cleaning of the lead ; the “ guard- 
wire” was therefore used only as a check, and if it produced 
no change in the preliminary deflexion it was concluded that 
the preliminary deflexion was due to the effects of (b) and (c) 
alone, and that there was no leakage (a). 


Results. 


The results of the tests are given in Table I., which requires 
little explanation. The “ Capacity,” “ Resistance,” and “ Hlec- 
trification” of paraffin-paper and mica are there tabulated at 
the various temperatures. 

Capacity.—As standards of capacity two condensers were 
used. These were mica of 1 and 0°5 microfarad capacity 
respectively. They were submerged in water and kept always 

VOL. XIV. 8 
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at the same temperature, 27° ©., which is just above the 
maximum air temperature. The object of using two standards 
was to avoid shunts and to simplify the work. 

In the paraffin-paper condensers there appears to be an 
irregular variation of capacity with temperature. It is too 
small to affect them in practical telegraphy; but it is suffi- 
ciently large to prohibit their use as standards. We must 
suppose that the softening of the wax, and the consequent 
approach or recession of the tinfoil sheets, is responsible for 
part of these changes, to which must be added the variation of 
the specific inductive capacity of the dielectric. It is curious 
that with paraffin-paper condensers the capacity diminishes 
as the resistance diminishes. With gutta-percha or india- 
rubber core the result is nearly always the reverse of this. 

Owing to the vibration of the building in which the tests 
were made, the capacities could not be measured with a greater 
accuracy than 1 per cent.; but within this limit it is safe to 
say that throughout the whole range of temperature mica 
retains a constant capacity. 


Temperature Coefficients. 


It is usual to assume ™* that the resistance R, of a dielectric 
at any temperature is represented by an equation of the form’ 


he= ha, 
and that similarly, at some other temperature @, 
a= Rad: 
so that 
R= Roa a 
or 
log R,=log Re+(r—@) loga.. . . . (1) 


From this equation, taking the fifteen observations of Table I, 
two at a time, in alternate order, and putting them succes- 
sively as R, and Ry in (1), we find as a mean value 


Moga POONA oe te.” 3 (2) 


The temperature @ may be given some standard value, 
say 20°C.; and from a curve drawn from the fifteen observed 


* See Appendix IL. 
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values of resistance and temperature the corresponding re- 
sistance Ry) may be obtained. The resistance at 20° C., found 
in this way, was, for paraffin-paper, 
R= 3670 megohms; 

equation (1) in this case becomes 

log R,=3°56467 + (r —20) (196344), . ~ (3) 
from which may be deduced the resistance corresponding to 
any temperature 7. It is interesting to see how nearly the 
results calculated from (3) agree with the observed values, as 
can be done by drawing the two curves which represent the 
observed and calculated resistances respectively. 

The agreement between these two curves is so close, consi- 
dering the conventions which always have to be adopted in 
tests upon dielectrics, that it has been suggested to me that a 
simple logarithmic curve may perhaps represent the true state 
of affairs, the observed results being assumed more or less at 
fault. This seems improbable for the following réason:—In 
equation (1) « is really the ratio of two resistances at an 
interval of 1° C., and it is presumed* that this ratio, 2. e. 


R, 
Ree 


is constant for all values of tr. This might be true for some 
ideal dielectric whose structure was perfectly definite at all 
temperatures, and which made invariable contact with its 
electrodes under all conditions ; but there is no reason why a 
should be constant for a substance having the instability of wax. 


a= 


Temperature Tables. 


One use of these results is to enable the resistances of 
condensers to be reduced to the resistance at some standard 
temperature. A similar correction has always to be applied 
for gutta-percha and india-rubber cores. It is usual to 
draw up a table, assuming a@ constant over a given range, and 
to supply a correcting logarithm for each degree of tempe- 
rature, ‘This may be sufficiently accurate for small ranges of 
temperature ; but I would suggest that a better way is to work 
from the observed results directly, making no assumptions 


* See Appendix II. 
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whatever as to «. In order to do this, the “observed” 
results should be plotted as a curve, coordinating resistances 
and temperatures. The length of the ordinate corresponding 
to standard temperature on the “observed” curve is then to 
be taken as unity, and the lengths of the ordinates at every 
successive degree are to be expressed in terms of this unit. 

A table can then be drawn up giving a correcting divisor cor- 

responding to each degree. With the aid of a slide-rule such 

a table can be completed in little more than an hour; and it 

is certainly more expeditious and less arbitrary than the 

ordinary tables of dielectric corrections. As an example, I 

have given in Table II. the divisors for paraffin-paper, from 

33° F. to 110° F., deduced directly from the ‘observed ” 
curve. 
TasLe II. Paraffin-paper. 

(To reduce the dielectric resistance at any temperature Fahr. 
to the corresponding dielectric resistance at 60° F., divide 
the observed resistance by the number opposite the given 
temperature.) 


e Diyisor. Fahr. |DiVisor. Fabr, |Divisor. lie: Divisor. hae Divisor. 


° 
33 3:19 49 
34 3°07 50 
35 2°96 51 
36 2:87 52 
37 2-76 53 


1} ce) Oo 
1 GoM Osco €l | 0335 97 | 0-169 
i 
1 
1 
1 
33 2°66 54 | 1 
1 
1 
1 
i 
1: 


7 

2 66 733 82 319 98 159 
i) 67 “699 83 306 99 153 
6 68 656 84 292 || 100 148 
) 

3 

ih 

0 


69 625 85 281 || 101 141 
70 D095 86 ‘270 || 102 137 
71 562 87 259 || 103 133. 
ie *528 88 247 || 104 126 


5 2:57 55 : 
40 2°48 56 
41 2°39 57 


6 
6 
5. 
4 
3 
3 
2 
2 


15 73 ‘501 89 234 || 105 119 
42 2°30 58 09 74 ‘477 90 225 || 106 ‘114 
43 2°19 59 04 75 450 91 216 || 107 108 
44 2-09 60 | 1:00 76 432 92 207 || 108 "105 
45 2:00 61 | 0-944 77 ‘411 93 198 || 109 ‘101 
46 E91 62 | 0-901 78 “389 94 189 || 110 099 
47 1:82 63 | 0°858 79 375 95 “180 
48 1-76 64 | 0:820 80 "855 96 175 


The resistances of mica condensers at the different tempe- 
ratures are also given on Table I.; the curve drawn from 
them is not so smooth as that which represents the behaviour 
of paraffin-paper condensers ; at the colder temperatures the 
resistance of the mica is so high that the preliminary deflexion, 
corresponding to (a), (b), and (c), is by no means small 
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as compared to the second deflexion, due to (a), (b), (¢), and 
(d) together. The results given are the best that could be 
obtained under the circumstances. In some ways it might 
have been advisable to connect the eight mica condensers in 
parallel ; the deflexions to be observed would then have been 
greater, but the number of tests would have been fewer, and 
there would have been less chance of comparison one with 
another. 

Electrification—In Table I. the “Hlec. p.c.” is given for 
paraffin-paper and mica, at the various temperatures. This 
is derived from the galvanometer deflexions taken respectively 
at one minute and two minutes after the application of the 
testing current, thus :— 

Hlec.°/, between 1™ and 2™= alcctee Se IE 

1™ reading 


+100. 


Paraffin-paper seems to acquire a minimum JHlec. p.c, at 
about 20° C.; the reason is not very apparent. 


Charge and Discharge. 


The following figures (Table III.) may be useful as in- 
dicating the difference between the deflexions obtained in 
capacity tests, using “charge” and “discharge” deflexions, 


TasueE III. 


Charge. Discharge. (Spoken 

Paraflin-paper ......... 196 196 195°5 
NIK Go Peecgencetnstenacene 223 223 223 
207 

Gutta-percha ......... 208 214 210 
210 

201 | 

India-rubber........ eas 198 200°5 Si 

198°5 J 


respectively, for paraffin-paper, mica, gutta-percha, and india- 
rubber. The deflexions represented by “charge” are not so 
uniform as the “discharge”? readings, that is to say, a repe- 
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tition generally gives a different reading, owing in part 
perhaps to some of the last charge having remained. This, 
however, is scarcely to be observed with mica. “ Discharge” 
readings can generally be reproduced accurately. 


Resistance during Melting. 


If the temperature of paraffin-wax is raised much higher 
than is indicated in Table I., the change of state, as melting is 
approached, is characterized by a corresponding decrease in 
resistance. In order to examine this effect, a special con- 
denser consisting of two horizontal circular plates, 11 in. 
diameter, was used. The lower plate was provided with a 
projecting rim to retain the wax, and was rather larger than 
the top plate. Three small wafers of thin ebonite sheet 
(16 mils) were used as distance-pieces. Melted wax was 
then poured in, filling the space between the plates. 

There are so many disturbing influences affecting the resist- 
ance during the change of state, connected with the latent 
heat of solidification, the unequal melting, the absence or not 
of “electrification,” and the contractions and expansions of 
the wax, that only qualitative results can be given. 

Heating.— Starting at about 20° C. below the melting- 
point, the resistance rapidly diminishes until actual melting 
begins; there is then a definite fall to something like one 
third of what the resistance was just before melting. If heat 
is still applied to the condenser, the resistance keeps steady 
until the melting is complete; after which the resistance 
again diminishes steadily. So far as I am able to discover 
there is no “electrification” while the wax is in the melted 
condition. 

The spark-resisting power of the melted wax is at least 
one third that of the solid. The melted wax in this particular 
condenser broke down under 1200 steady volts; the insulation 
heals, as in the case of oil, to break down again in a few 
seconds. 

Cooling.—A converse process occurs during cooling ;. and 
as the cooling is more uniform than the heating the effects 
can be more easily noted. The resistance of the melted wax 
gradually increases until the first crystals appear, at which 
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stage it remains more or less constant until the process is 
nearly complete, when it very rapidly increases to about 
three times the value it had during the partial crystallization; 
it then behaves as solid wax. 


APPENDIX I. 


When an extra wire (fig. 1) is added from the testing- 
battery to some point near the middle of the cleaned end of 
the lead, intercepting the path of leakage (a) at that end, the 
circuits can be represented by fig. 2. The (a) leakage is 
here m+n, and the “guard” wire is supposed to come 
between mand n. Let 0, g, and r denote the resistances of 


Fig. 2. 


the battery, galvanometer, and the dielectric resistance of the 
condenser, respectively ; let E be the E.M.F. of the testing 
battery, and G the current through the galvanometer when 
the “ guard” wire is applied. It is clear that m shunts the 
galvanometer, and shunts the battery ; and we have to find 
the error which this introduces into the results. From fig. 2, 
by Kirchhoff’s laws, we have 

G= 7 i Aare « 

(6+g+7r)+ oa (nrg + brm + brg +bmg +nbg) 
Let 


1 
n= — (nrg + br + brg + bmg + nbg), - = we(Z) 


then « may be regarded as equivalent to a resistance added 
to the simple circuit b+9+7. 
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To evaluate x, we will put m=n=r; which means that 
the whole leakage, m+n, is assumed to be only twice the 
resistance of the dielectric of the condenser, and corresponds 
to a worse lead than any I have employed throughout these 
tests. In this case, (2) reduces to 
3D. 

K=9+b+ <4, 
which has now to be compared with (b+g+7) in (1). 

Taking the very lowest observed value of 7, which was 
5 x 10° ohms, and putting g=8000, and }=200 ohms, we 
have KR 1 

b+g+r 50,000’ 
so that « is quite negligible in equation (1), and the error 
introduced by the “ guard” wire is practically nl. 


Appenpix II. 
Change of Dielectric-resistance with Temperature. 


Let the resistance at some fixed temperature be R; and 
let R,, Re, R3, &c. be the resistances at 1°, 2°, 3°... above R. 


, ete i : 
The assumption is that the resistance diminishes 7, th of itself 


for every 1° rise of temperature. In this case, 


R,=R- at 
n 
R 
=> ° e ° ° e e i 
DS aye (1) 
and a 
R= R, = < 
Or, putting in the value of n, 
eee 
Pa R < 
Hence 


R,\? 
R=R(F) R=R(R), one 
and, generally, 


t 
R=R(B)-- ee + @ 
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If r and @ are any two values of ¢, we have 


9 
R=R( 72) PM Me ee TOS 


R,\_ log R,—log ey 
log oe 7 toseeege a e 
By putting observed values of R,, R,, 7, and @ in this last 


or, 


expression, the value of =) may be found, and substituted 
in (3), which then becomes the working formula. In the 
paper, (x) is represented by a. 


Comparison of « for Centigrade and Fahrenheit Scales.—Let 
R, be the resistance 1° C. above that at which R is measured. 


Then, by the preceding, 
_ (hs 
“=(7 ), 


Ree 


t e 


and (2) becomes 


_ But 1° F. may be expressed as Gy C., so that 


Ris) = Rais), en ene 
and Ris) will be the resistance at 1° F. 
Hence Risy=Re,. ae are Hel © coq Eis vmatenrete (oy: 
Thus, from (4) and (5), 


ap=ar\d), 
5 
or, log “=(5) log a,. 


Discussion. 


Prof. Ayrton said he could bear witness to the extreme 
value of Mr. Price’s device, as it completely did away with 
the necessity for the extreme care previously required to 
prevent errors due to surface leakage. He regretted that he 
had not had an opportunity of comparing the author’s 
numbers with some obtained some years ago by Prof. Perry 
and himself (Prof. Ayrton). 
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XX. On New Instruments for the Direct Measurement of 
the Frequency of Alternating or Pulsating Electric Currents. 
By AuBeRt CampBeti, B.A.* 


In many experiments with alternating currents it is a very 
great convenience to be able to draw the supply from an 
ordinary lighting circuit, but the value of such a source of 
current is often lessened by the fact that the frequency of 
alternation is usually variable, the limits of variation being 
in some cases very wide indeed. It was for the purpose of 
getting rid of this uncertainty that, about a year ago, I 
devised the two instruments described below. 

Most methods of measuring frequency depend either on 
Impedance measurements or on the production of Resonance 
(or Synchronism). The former I avoided, for unfortunately 
the wave-form as well as the frequency affects impedance, and 
I aimed at an instrument which would give trustworthy 
readings for any kind of pulsating current whatever. 

Of the Resonance (or Synchronism) methods two are 
familiar. The first consists in running a small synchronous 
motor and measuring its speed by a speed-counter or indicator. 
This is a rather laborious way, and not very accurate if only 
‘a tachometer is used. In the second method + a stretched 
wire carrying the alternating current is placed in a constant 
magnetic field; by varying the stretching-weight the wire is 
tuned until it is set into strong vibration, and then the 
frequency is calculated from the tension, length, and mass of 
the wire. The original arrangement has been simplified, I 
believe, by Mr. Alexander Russell, of Faraday House, who 
uses a steel wire thrown into vibration by an iron-cored 
choking-coil placed near it. In both arrangements some 
uncertainty is introduced by the wire passing over a bridge 
or pulley. 

In my first type of instrument I developed the last- 


* Read May 22, 1896. 
+ Due to Professors Ayrton and Perry. 


> 
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mentioned arrangement. The working parts of the instru- 
ment are shown in fig. 1:— 


Fig. 1. 


A steel wire, W, is fastened at one end to a spring, S, and 
at the other to a rack, R, sliding in guides. Near the wire 
is fixed an electromagnet M with a laminated core; this 
magnet is excited by the given alternating current. By 
turning the pinion P the wire can be tightened until it is 
thrown into vigorous vibration by the magnet. The pointer Q 
attached to the pinion then shows directly the frequency ona 
suitably graduated scale. Many varieties of this arrangement 
may be used ; for example, the pointer may be fastened to 8, 
or other kinds of magnifying-gear may replace the rack-and- 
pinion. 

With careful use I believe that this type is accurate to 
within less than 0*2 per cent., but it is not so convenient as 
the second type, which I now proceed to describe. This more 
practical instrument is shown diagrammatically in fig. 2. 

Here M is a choking-coil fixed near a steel strip A*, which 
can be moved back and forward through the clamp B by a 
rack-and-pinion, not shown. A’s change of length is 
magnified by the rack-and-pinion D and E and the pointer F. 
The protruded length of A is altered until the alternating 
field due to M causes the maximum resonance, and the fre- 
quency is read off on the scale G. 

By proper choice of the dimensions of the vibrator and the 


* J find, since writing the above, that in 1889 Professors Ayrton and 
Perry suggested the use of a variable magnetic tongue near an alternating 
electromagnet. Their idea, however, was never embodied in a direct- 
reading practical instrument. 
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rack-and-pinion a very extended scale may be obtained. I 
have constructed one instrument in which the pointer goes 
more than twice round the circumference from 40 periods per 
sec. to 150 periods per sec., and at the middle part of the scale 
the accuracy of reading is within 0:3 per cent. 


Fig. 2, 


The electromagnet M is usually of fine wire, and has a 
non-inductive resistance in circuit with it, so that the current 
taken is very small. 

The reading is usually taken at the point of maximum 
resonance. This is observed by means of the sound given out 
or by watching the variation in amplitude either directly or 
by mirror, light-spot, and scale. Sometimes I fix near the 
vibrator an adjustable piece, against which it rattles or jars 
when the resonance is sufficient. This jarring piece may be 
made part of an electric circuit, including a lamp or an indi- 
cating instrument, in such a way that the circuit becomes 
broken when the greatest resonance occurs. 

The instrument can be used as a speed-indicator for 
machinery by attaching to the rotating shaft a suitable com- 
mutator to make and break an electric circuit carried to the 
instrument, which may thus be at any distance. 

If we keep to simple English we might call such an 
instrument a ‘‘ Wave-teller,” but to make the meaning clearer 
I propose to name it a “ Frequency-teller.” 

In conclusion [ may mention that since there is very little 
inertia in the moving parts the readings can be taken rapidly, 
and thus the instrument can be made to follow fairly quick 


changes in frequency. 
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Discussion. 


Mr. Watson said he thought that in the case of the spring 
there would be a considerable temperature correction, and 
he suggested a method by which this might be compensated. 

Mr. BuakesLey asked if the author had found that the 
spring became magnetised and thus gave the octave. 

Mr. Carrer asked whether elastic fatigue influenced the 
results, and said that a synchronous motor and a speed indi- 
cator could be used to measure the frequency. 

Prof. Sirvanus THompson suggested that it might be 
better to employ a polarized apparatus, since, to avoid the 
impression of forced vibrations on the spring, it was better, 
as was done in the case of tuning-forks, to make it massive, 
It had been found in other cases, such as in Hughes’s tele- 
graph and the telephone, that better results were obtained 
with polarized apparatus. He (Prof. Thompson) had used a 
telephone, placed anywhere near a magnet traversed by the 
periodic current, together with a tuning-fork, which gave 
beats with the note produced by the telephone, to measure 
frequencies. The variations in frequency ordinarily met 
with in practice were much greater than was generally 
suspected. 

Mr. BLAKESLEY said he considered that the advantage of 
the author’s instrument over a telephone and tuning-fork was 
that it was continuously variable over a large range. 

Mr. Enercut asked if the author had been troubled by the 
spring or wire breaking into overtones. In some experi- 
ments, in which rather long wires were used, he had been 
troubled in this way. 

Prof. AYRToN said that he did not think that it was pos- 
sible to get the wire or spring to respond to the octave 
unless the alternating current contained a component of 
the frequency of the octave. In fact, he had himself used 
such a stretched string as a wave-analyzer. He had used 
a telephone to prove that the note given by a hissing alternate- 
current arc corresponded in frequency to that of the current. 
In the instrument used by Prof. Perry and himself a polarized 
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arrangement was always employed, since the alternating 
current was passed either through a wire in a constant mag- 
netic field, or through an electromagnet which acted on a 
wire through which a constant current was passed. 

The AvurHor, in his reply, said that the instrument re- 
sponded, though feebly, to the octave, and this response 
might be made use of to check. the accuracy of the scale. 
The total temperature correction would always be less than 
0-1 per cent. and therefore may be neglected. 

In the instruments shown the vibrator used was not a 
polarized one for three reasons :— 


(a) in order to get a note whose vibration frequency 
should be twice the frequency measured, thus 
avoiding very low notes which are not so easy to 
observe accurately. 

(b) to avoid the use of permanent magnets in alternating 
magnetic fields. 

(c) to render unnecessary the use of an auxiliary direct- 
current circuit (for exciting electromagnets). 


As to the question of elastic fatigue in the steel strip, I 
have never had the vibrator running for long enough time 
to detect this. In ordinary use the vibrator remains at rest 
except when an observation is taken. 
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_— XXIII. Some Experiments with Rontgen’s Rays. 


By Sirvanus P. Toomeson, D.Se., P.RS* 


Tue following isa brief narration of points observed by me 
during the past three months, and which are now brought 
before the Physical Society. 

1. Many experiments have been made to observe polariza- 
tion of #-rays, but no trace has been found. Tourmalines of 
several colours, and thicknesses varying from 0°1 millim. to 
6 millim., have been used. Andalusite, mica, calce-spar cut 
in slices parallel to the axis, epidote, and ripidolite have been 
tried without result. The method pursued has chiefly been 
to cut the slice of crystal into three parts, laying two of them 
upon the third, one of the upper parts having its axis parallel 
to the axis of the under part, while the other had its axis laid 
at right angles. In this way equal thicknesses of crystal were 
compared side by side. Thinking that results might be 
obtained from dichroic crystals containing a metal of consi- 
derable atomic weight, slices were tried of crystals of sulphate 
of nickel, sulphate of nickel and potassium, sulphate of cobalt 
and potassium, sulphate of cobalt and ammonium, fluosilicate 
of cobalt, and fluosilicate of nickel, but no trace of polarization 
was seen. 

Another method consisted in comparing the opacity of 
tourmaline in a direction parallel to the axis with that of an 
equal thickness in a direction at right angles to the axis. 
Not the slightest difference was observed either in the photo- 
graphic shadows or with the use of a luminescent screen of 
barium platinocyanide. 

2. For several weeks in the months of February and March 
experiments were made with many different forms of bulb to 
determine the source of the x-rays and the form of tube most 
favourable to their production. In common with the con- 
clusions ef so many other observers, it was found that the 
effective source was in every case a surface against which the 
kathodic discharge was directed. A form of tube which gave 
results superior to those of any Crookes tube at the time in 


* Read June 12, 1896, 
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the market is shown in fig. 1, in which the kathode consisted 
of a number of iron wires spread out from a centre, and the 
antikathode, which also served as anode, was a spade-shaped 
piece of iron or platinum. Another form of which many 


Fig. 1. 


lt p> 


wes 


bulbs were tried was provided with an external kathode of 
foil, and an internal anode projecting to about the centre, 
terminating in a small spade of platinum-foil as antikathode 
(fig.2). This also gave good results, but was liable to be pierced 


Fig. 2. 


at high stages of exhaustion. With this form various experi- 
ments were tried as to the influence of the material of the 
antikathodic surface. (Glass was found to work quite well, 
but to be more troublesome than metal. A phosphorescent 
enamel made by fusing together two parts of a soft lead-glass 
with one part of Balmain’s luminous paint was also tried. 
The result of these experiments was to show that, contrary to 
the opinion then current that the presence of much phospho- 
rescence or fluorescence was promotive of the production of 
the x-rays, the x-rays were most freely emitted when the 
conditions were such as to waste as little as possible of their 
energy in internal fluorescent effects: that in fact a metal 
surface was preferable to a surface of glass, enamel, or por- 
celain for receiving the impact of the kathodic discharge. 

At about this time Mr. Jackson’s perfected form of focus- 
VOL. XIV. T 
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tube was brought out, a tube which for photographic purposes 
was found superior to any other form, and has not yet been 
surpassed. 

3. Observing in some of these experiments that the metal 
spade used as antikathode became red-hot, a special tube was 
constructed for me by Mr. Gardiner to test the question 
whether the high temperature of the antikathode was, or was 
not, prejudicial to the emission of z-rays. This special tube 
(fig. 3)was furnished with an antikathode of platinum-foil 
mounted so that while serving both as antikathode and as 
anode it could be heated by passing a current through it 
from an auxiliary battery. Observing the activity of the 
tube by means of a luminescent screen of platinocyanide of 
potassium, it was found that the heating of the antikathode, 
so far from being disadvantageous, decidedly promoted the 
emission of x-rays, and increased the continuity and brilliancy 
of the luminescence. Various amounts of current were sent 


Fig. 8. 


through the platinum, the most effective result being obtained 
by currents which heated the surface to visible redness. 
Whether the effect is a direct one or an indirect owing to the 
driving out of occluded gases is not. yet determined. 

4, When watching with the luminescent screen the emis- 
sion of w-rays within bulbs connected with the pump, some 
observations were made of direct importance with regard to 
the state of exhaustion that is best. The degree of vacuum 
which suffices for the production of kathodic shadows is 
known not to be sufficient for the production of x-rays. It is 
also known that when evacuation is pushed very far the 
internal resistance of the bulbs rises very high, so that they 
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become almost non-conductive. If a bulb is exhausted, and 
heated during exhaustion, and the vacuum pushed almost to 
non-conductivity, and if a little air is again admitted and the 
tube again exhausted, the high degree of vacuum is again 
very soon reached, probably because during the first ex- 
haustion the gases absorbed upon the walls of the bulb were 
mostly removed. After three or four repetitions of. this 
process the transition from the low state of vacuum to the 
high state is exceedingly rapid. Ifa bulb in such a condition 
is examined by the luminescent screen while the pump is at 
work, scarcely any trace of w-rays can be noticed so long as 
the vacuum is such that the resistance is low. A pair of 
discharging-points arranged as a shunt to the tube serves as 
an approximate gauge. Kathodic shadows can be seen when 
the resistance is so low that the discharge-points do not spark 
even when placed 3 millimetres apart. When the resistance 
rises so that the spark-points must be put 20 or 30 millimetres 
apart x-rays begin to be given off ; and are given off both 
from the back and from the front of the antikathode. The 
bulb, as seen upon the adjacent screen, shows two pale lumi- 
nous regions divided by a fine oblique black line which is in 
the plane of the antikathode (fig. 4). If the pump goes on 


Fig. 4. 


working, in two or three seconds, or while only a few cubic 

centimetres of mercury pass through the pump, the pheno- 

menon changes. The luminosity behind the antikathode dies 

out, and that in front of the antikathode increases; so that 

there is seen simply a bright anterior region ending at the 
tT 2 
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oblique plane of the antikathode, beyond which all is dark 
(fig. 5). This oblique delimitation can also be seen in the 
yellow phosphorescence upon the walls of the bulb. This 
sudden transition occurs after the resistance of the bulb has 
passed its minimum. The brightest luminescence occurs 


when the spark-length exceeds 40-50 millimetres. The lumi- 
nosity does not fall off much even at very small angles to the 
plane of the antikathode, proving that the emission of «#- 
rays does not follow Lambert’s law of the cosine’ by any 
means. Experiments on this point are still in progress. 

5. The phenomenon of diselectrification by z-rays is very 
readily demonstrated. For this purpose I have found a very 
convenient instrument to be an electroscope consisting of 
two strips of aluminium leaf (which is lighter than gold leaf) 
suspended in a thin-glass jar entirely covered with a fine 
metal gauze. It is charged with a dry pile, and a metal 
cap is then placed over the charging knob, so that it is 
entirely electrostatically screened from external electrical 
influences. Positive and negative electrifications are both 
readily discharged, even at the distance of several feet from 
the bulb. 

6. On the first announcement of the diselectrifying pro- 
perties of w-rays, I attempted to obtain electric dust-figures 
as shadows of metallic objects by applying the 2-rays to dis- 
charge electrified surfaces of glass or ebonite upon which 
mixed powders of red lead and sulphur were then dusted. 
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These were obtained almost at the first trial; but to produce 
them satisfactorily requires a little care. 

The object whose shadow is to be obtained—a pair of 
scissors, for example—is laid upon a thin sheet of aluminium 
placed to stand on four feet at the height of about 20 millim. 
over the sheet of ebonite or varnished glass upon which the 
shadow is to be thrown. This sheet of ebonite is first carefully 
diselectrified by passing it over an alcohol flame, and then laid 
upon an earthed sheet of foil upon the table. The aluminium 
tray with the scissors upon it is placed over the ebonite. A 
guard-box of lead with a rectangular hole in its top is placed 
over all. Then the aluminium tray is charged electrically 
by a small influence-machine which has one pole put to 
earth and the other connected to the aluminium tray. In 
this state of things the ebonite plate lies in an electro- 
static field, but is not electrified upon its upper surface. 
The 2-rays are now caused to fall upon the aluminium tray, 
through which they pass save when obstructed by the metallic 
object, and, discharging the tray, virtually carry down the 
electrification upon the surface of the ebonite in straight 
lines, leaving the shadowed portions unelectrified. The 
influence-machine is disconnected, the aluminium tray re- 
moved, the sheet of ebonite lifted off the table, and the mixed 
powders are forthwith dusted over its surface, revealing the 
shadow. Both positive and negative shadows can be obtained. 
Several alternate dispositions are possible. 

These observations were made early in February before the 
announcement by M. Righi of some similar cases of production 
of shadows by w-rays. 

7. I have also made some observations upon the reflexion 
of z-rays. The production of diffuse reflexion by solid bodies 
is very easily observed; but hitherto I have no clear evidence 
of specular reflexion. Air unfortunately itself sets up dif- 
fusion, behaving as a semi-opaque fluid. If ordinary expe- 
riments on the reflexion of light had to be carried on in dense 
smoke or in milky water, a similar diffusion would interfere 
with specular reflexion. In one set of experiments a V-tube 
made of lead pipes set at right angles, and open at the bottom, 
was used, the z-ray source being made to shine down one 
limb, while a shielded photographic plate was placed at the 


278 SOME EXPERIMENTS WITH RONTGEN RAYS. 


upper end of the other. The surfaces to reflect w-rays were 
placed at the open lower ends at 45° to the lines of incidence 
and of presumed reflexion. Reflexion of a sort was indeed 
obtained when surfaces of metal and of glass were placed 
across the bottom of the tubes. But an effect was also 
obtained even when nothing was placed across. the open 
bottom. Itseems exceedingly doubtful whether true specular 
reflexion has been observed in any case. 


Discussion. 


Prof. pu Bots said that Galitzine had found that Rontgen 
rays were polarised by tourmaline, a special form of developer 
being emploved. The behaviour of tourmaline to light-waves 
presents some curious features; for if the wave-length is 
increased, a point is at length reached where the ordinary 
and extraordinary rays are equally absorbed. For greater 
wave-lengths the ordinary conditions are reversed. If the 
Réntgen rays are not homogeneous, the contradictory results 
obtained by different observers might be due to the fact that 
they were working with rays which were differently absorbed 
by tourmaline. 

Mr. Swinton said he had tried the effect of heating the 
kathode, and had obtained results similar to those which were 
obtained by the author. Mr. Swinton further said that he 
had found that the blue luminescence sometimes observed 
depended on the size of the kathode. With tubes in which 
the kathode was almost a complete hemisphere, it was impos- 
sible to eliminate this blue luminescense. 

Mr. APPLEYARD suggested the performance of the experi- 
ments under the surface of a dielectric. 

Prof. GRAY said he had obtained some indication of regular 
reflection, but nothing definite. 

The AvTHOR, in his reply, said that it had been found that 
if the Réntgen rays are reflected from a surface of sodium 
in vacuo the amount reflected is a minimum for normal 
incidence, and increases at oblique incidence. Comparing 
this behaviour with that of ultra-violet light, it supports the 
idea that the Rontgen rays consist of transverse vibrations. 
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XXIV. On the Measurement of very large and very small 
Alternating Currents. By AuBart CampBE.y, B.A.* 


ArR-OoRE transformers, although quite inefficient for ordinary 
lighting circuits, are yet much more valuable for testing 
purposes than most people are aware of. By the help of 
such transformers it is possible to extend almost indefi- 
nitely the ranges of many ordinary measuring instruments. 
If the secondary of an ironless transformer be kept in open 
circuit the secondary volts are accurately proportional to the 
primary P.D. if the frequency is constant, and hence by 
using an electrostatic voltmeter on the secondary we can 
transform either up or down, and thus measure voltages above 
or below the range of the electrostatic instrument. Of course 
the arrangement would have to be calibrated; this might 
sometimes be done by taking a reading for which both the 
primary and secondary voltages lay within the range of the 
voltmeter used. 

The above way of using an air-core transformer was sug- 
gested to me some time ago by Mr. Hugh Erat Harrison, of 
Faraday House. I hear since from Mr. Mather that it has 
been also used at the Central Technical College f. 

If we attempt to measure current (in the primary) by 
observing the voltage on an open-circuit secondary, we find 
that for a given primary current the readings depend also on 
the frequency. It therefore occurred to me that the secondary 
circuit should be closed and should besides be highly inductive. 
In practice this was found to work with perfect success, the 
primary current being proportional to the secondary current, 
which latter was measured by an ammeter. 

To find the most favourable conditions, let 

J,, I, be the primary and secondary currents respectively ; 


* Read June 12, 1896. oti 
+ Since writing the above I have listened with interest to the paper on 


the “True Resistance of the Electric Arc,” by Messrs. Frith and Rodgers. 
Their beautiful application of an air-core transformer to measure a small 
alternating current superimposed on a large direct current might, I think, 
be also employed to separate a large alternating current from a much 
smaller direct current. 
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R, the resistance of the secondary circuit ; 
N its inductance ; 
M the mutual inductance between primary and secondary. 
Let p=2an, where n is the frequency of alternation. 
Here M and N are constant, while R, may be variable with 
temperature. 
At first let us assume that the P.D. follows a simple sine 


curve. Then 1 is VRe+ pe ee 
I, Mp 
Now let the inductance of the secondary circuit quite swamp 
its resistance, so that we may neglect the term R,’ in com- 
parison with p’N?. In this case we obtain 


I> oN 
ara So Sn a Neg a te 


i.e. the ratio of the primary current to the secondary current 
is independent of the frequency of alternation and the resistances 


of the coils. We shall see below to what extent this valuable 
result can be realized in practice. It is clear that in the 


en pN Eire 
above case, since oe aes the secondary current I, is in exactly 
2 


opposite phase to ],. 

Now suppose the primary P.D. to be no longer a pure sine 
function of the time but to follow any periodic curve. ‘The 
curve of primary current can then be decomposed into a 
number of sine curves of various frequencies ; each of these 
will produce a secondary of opposite phase, and the ratio of 
each primary component to its secondary will = a 

Accordingly the total secondary current curve will be of 
the same wave-form as the primary and in opposite phase to 
it, while the ratio of current transformation will be the same as 
for a pure sine-curve alternating current*. 


* In this I have assumed that the Fourier series for the wave-form 
contains no constant term, z. e., that there is no constant component in the 
current. If there is such a component, nothing corresponding to it will 
appear in the secondary circuit, and the ratio of current transformation 
will be by no means the same as if the current were purely alternating. 
In fact an air-core transformer affords a good means of separating out the 
purely alternating part of any periodic current. 


LARGE AND SMALL ALTERNATING CURRENTS. 281 
Unfortunately, in practice we cannot quite attain to the 
condition a =, but we can get near enough to make the 
error quite eral Tn the following table are given (approxi- 


mately), for different values of Ry the values of the ratio L 


Ne I, 
for frequencies of n=80 ~ per sec., and n=40 ~ per sec., if 
the ratio =1 when n=. 


TaBLE I.—Transformation Ratios. 


2 N=. n=80. n=40. 

100 1:00 1:02 1:08 
50 1000 1-005 1:02 
25 1-000 1-001 1:005 
10 1-000 1:0002 1:0008 


By this it will be seen that if x? =50, the error in the 


transformation ratio from n=80 to n=« becomes insignifi- 


cant ; and that if ~ = 25 the ratio is approximately constant 
down to n=40. R R 
In practice it is easy to make N =50, but to get V =25 


would require a rather lavish expenditure of copper wire. 

Instead of finding the ratio of a particular transformer 
(with ammeter) once for all, a simple way is to find it each 
time for the frequency to be used, the strength of the primary 
current being chosen so as to lie within the range of the ~ 
instruments available. 

The following instance will make the method clearer. 
Suppose we want to measure currents up to 1000 amperes 
with an electrodynamometer and a Kelvin balance, each up 
to 100 amperes. Let the transformer have a “ current ratio” 
of about 10 when the balance is the only load on the secondary. 
The electrodynamometer is inserted in the primary circuit, and 
a primary current of (say) 98°2 amperes is found to produce 
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(say) 10 amperes in the secondary. If the electrodynamometer 
be now taken out of circuit, any primary current up to 1000 
amperes can be measured by reading the balance in the 
secondary and multiplying by 9°82. 

In an exactly similar way very small alternating currents 
may be measured. 

In order to avoid errors due to stray magnetic fields the 
transformer may be wound with double coils placed side by 
side with their axes parallel and reversed in the well-known 
manner. Jt might also be well to have the position of one 
or more turns of the primary or secondary adjustable with 
a scale to show the proper position for each particular 
frequency. 

For the purposes of calibrating at any frequency a second 
primary of a different number of turns from the first may be 
wound on the transformer, and the relationship of the two 
primaries may be determined once for all. 

For example, if the first primary is for 1000 amperes the 
second may have 100 times the number of turns and be suit- 
able for 10 amperes. ‘The correction for any particular 
frequency or wave-form may then be found experimentally 
by using the second primary only. 

I may mention that with very simple instruments I have 
used an air-core transformer to measure currents between 
1000 and 2000 amperes. 


[ Added June 12th, 1896. ] 

In order to get a larger increase of secondary voltage a 
well-known method is to connect up a transformer with the 
primary and secondary in series as in fig. 1. By a somewhat 
similar method the ratio of current transformation may some- 
times be increased. The connexions in this case are shown 
in fig. 2. 

Transformers with Iron Cores. 

I have recently investigated the case of transformers with 
tron cores whose secondary circuits were made highly induc- 
tive. This was done by short-circuiting the secondary in each 
case through a Kelvin 100-ampere balance. 

Two transformers were thus tested—an iron-ring trans- 


LARGE AND SMALL ALTERNATING CURRENTS. 283 


former with very small magnetic leakage, and a small trans- 
former with open iron circuit. The first of these had a 


Jaren ale 


AMPERES 


primary of 764 turns of No. 16 8.W.G. wire, and over this a 
secondary of 48 turns of 7/16 wire. The core of the second 
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was a short bundle of iron wires, over which were wound the 
primary of 88 turns of No. 16 S.W.G. wire, and over it a 
secondary of about 3000 turns of No. 26 8.W.G. 

The ring transformer was first tested with a Kelvin 10- 
ampere balance as secondary load, the frequency being 84 ~ 
per second. ‘I'he balance had a resistance of about 0°55 ohm 
and an inductance of about 0:0016 henry. The results given 
in Table IT. show that with this amount of resistance in the 


secondary the : is by no means constant. 
1 


TABLE II. 


Iron-ring Transformer. Secondary Load 10-ampere Balance. 


Pete phanene Batio i 
| 0-0365 amp. 8-12 
0-0764 yw. 
01205 “10°12 
0-201 48 
0-336 ~ 12-28 4 


TasueE IIT. 
Iron-ring Transformer. Secondary Load 100-ampere Balance. 
faene ‘current. Eigse 2 
10 ~ 15-695 
15 1567 
a we re 
Sa 1673 
~ 60 cae ope a 


Similar measurements were then made with a 100-ampere 
balance as secondary load. From Table TIL., which gives 
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some of the actually observed ratios, it will be seen that the 
ratio of current transformation is practically constant. 
With almost the same arrangement of secondary circuit 


experiments were made to find to what extent the ratio x 
1 


was affected by change of frequency. Table IV. gives the 
results of these and shows that the ratio is almost independent 
of frequency through the range tried. 


TaBue LV. 


Ring Transformer. 


Se ? ee 
40 15-48 0-7 per cent. ae? 
57 ae 15°52 0°45 per cent. 
84 1559 = 


The results in Table V. of a similar experiment with the 
transformer of open magnetic circuit described above show 
how different its behaviour is. 


TABLE V. 
Transformer with open Iron Circuit. 
| 
44 : 28:1 | 243 por cout, 
84 rl | 


It seems clear, therefore, that iron-ring transformers may 
in many cases be used in a similar way to that described 
above for air-core transformers; but care must be taken to 
have the resistance of the secondary circuit sufficiently small. 

In conclusion I beg to thank Messrs. Lovell, Macalister, 
Sankey, and Norman for their kind help in some of the 


experiments. 
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DIscussION. 


Mr. Buaxesuey said that the author’s arrangement could 
only be used for measuring the current in the primary. 
Only if the self-induction of the primary is large and its 
resistance small, the secondary circuit being open or of large 
resistance, can the voltmeter of the secondary coil give indi- 
cations proportional to the P.D. of the primary. The reading 
will then be the P.D. of the primary multiplied by fraction 
representing the ratio of the coefficient of mutual induction 
to that of self-induction in the primary. This will be true 
independently of the period. But if the frequency is to be 
kept constant as well as all the other properties of the 
circuits, of course all effects in both circuits will simply 
be proportional to the P.D. of the primary, but in that 
case there is no necessity to make the self-induction of the 
secondary great, so that the advantage of doing so is not 
obvious. 


XXV. On the Use of Bare Wire for Resistance-coils. By 
F. W. Burstauy, .4., formerly Scholar of St. John’s 
College, Cambridge*. 


I. Introduction. 
Ir is perhaps somewhat surprising that the form of re- 
sistance-coils as used in the ordinary box has, during the 
last twenty years, changed less than any other kind of 
electrical instrument. The most serious defects of the pre- 
sent form of resistance-box are, firstly, the difficulty of ascer- 
taining the temperature of the wire forming the resistance, 
and, secondly, that the method of short-circuiting any 
required number of coils by means of divided brass blocks 
and taper plugs leads to contact-resistances which are often 
of very variable amount. A resistance-coil, the wire of 
which is covered with silk wound very closely and then 
covered with paraffin, of necessity conducts heat very badly, 
and therefore the temperature, as shown by a thermometer 
placed in the box, gives but little information as to the 
temperature of the resistance-wire. I have endeavoured to 
overcome the temperature difficulty by using manganin 


* Read June 26, 1896, 
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wire, but the uncertain nature of this material has forced me 
to abandon its use. The suggestion for the employment of a 
bare wire immersed in oil is due to Mr. E. A. Griffiths, and 
it is with the developments of this suggestion that the 
present paper deals. There can be no doubt that with a 
bare wire immersed in oil the heating by the testing current 
is much less than with covered wire, and further, the tempe- 
rature of the wire can be accurately measured ; but perhaps 
one of the most important advantages in the use of a bare 
wire lies in the fact that the wire can be annealed in a most 
perfect manner by the passage of a sufficiently large current 
to heat it to a red-heat for a few seconds. It has long been 
known that well-annealed coils are much less liable to change 
than coils which have not been so treated. Dr. Lindeck, of 
the Reichsanstalt, has, in his various papers, laid great stress 
upon the necessity for annealing standard coils, which is 
effected by heating the coil in an air-bath to about 140°, the 
highest temperature a silk-covered coil can bear without 
material injury. The heating of the wire to a red-heat is, of 
course, much more efficient than the method adopted by 
Dr. Lindeck for freeing the wire from undue stress. 

The wire which I have employed for the whole of the 
resistance-box was drawn from one cast of platinum-silver, a 
material which experience has shown to be the most perfect 
for resistance-measurement. 

The two forms of resistance-box usually employed are the 
series form and the dial form. In the former a number of 
coils are placed in series, and any required number can be 
short-circuited. This form, though it requires comparatively 
few coils, has the disadvantage that any fluctuation in one 
plug causes an error in the final measurement, and if any 
considerable number be used, it is almost impossible to pre- 
vent variation in the sum of the contact-resistances. For 
these reasons it seemed advisable to adopt the second form of 
box, the dial pattern, in which the number of plugs employed 
is a minimum, and remains the same whatever resistance is 
being measured, 

It is not essential to make standard resistances in order to 
calibrate a resistance-box, as each dial can be measured in 
terms of the preceding dial. This method, however, perpe- 
tuates any errors that may have been made in the measure- 
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ment of any of the smaller coils, and it is not possible to 
measure the coils in the box with the same accuracy that can 
be attained in the determination of the standard coils. I 
have therefore constructed standard coils for every dial, 
and their values have been obtained from a 1 ohm coil inde- 
pendently of the resistance-box. 


II. Construction of the Resistance-box and Standards. 


The resistance-box has five dials, each consisting of nine 
coils, ranging from 75 of an ohm to 1000 ohms, and four 
pairs of proportional arms ranging from 1 to 1000 ohms. 

The 5 ohm coils have a length of 96 millim., the wire 
having a diameter of 63 millim. Being so short, there is no 
difficulty in supporting the coils. 

The wire of the 1 ohm coils has the same diameter and a 
length of 960 millim. These coils were at first wound into 
short spirals, and were allowed to hang freely from their 
terminals. It soon, however, became apparent that the con- 
volutions of the spiral required to be fixed rigidly to the 
ebonite top. The method that has been finally adopted is to 
screw the spiral into holes pierced in a mica plate; this 
plate being screwed top and bottom to a brass bar which is 
attached to the ebonite top. 

In the coils of from 10 to 1000 ohms it is not easy to find 
a form of bobbin on which to wind the great lengths of bare 
wire required in such a manner as to avoid short circuits, and 
to bring the wire in contact as little as possible with the in- 
sulator. The form I have ultimately adopted is as follows 
(fig. 1):—To a central brass rod are attached, for the 10 ohm 
and 100 ohm coils, two small brass crosses at a distance of 
about 150 millim. apart ; to the ends of the arms of these 
crosses are screwed serrated strips of mica, the pitch of the 
serrations being about 1 millim. The resistance-wire is then 
bifilarly wound into these serrations. The 1000 ohm coils 
are of the same form, but from their greater length, 250 
millim., it is necessary to employ a third cross in order to 
strengthen the mica, and even then difficulty has been expe- 
rienced owing to the mica bending under the coil-tension, 
culminating in several cases in the breakage of the wire. 

For the 10 ohm coils wire having a diameter of ‘30 millim. 
and a length of 2400 millim. has been used. For the 100 
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ohm coils, a diameter of °15 millim. and a length of 6200 
millim. For the 1000 ohm coils, a diameter of ‘075 millim. 
and a length of 14500 millim. 

The top is of ebonite, 86 centimetres long, 28 centim. wide, 
and 19 millim. thick. 

Instead of using divided blocks for the dials, conical plugs, 
having a maximum diameter of 9 millim., and a taper of 1 in 
12, fitting into conical sockets have been employed*. The 
plugs are connected with the zero socket of the previous dial 
by means of heavy flexible leads, having a copper core, 5 
mnillim. in diameter, composed of copper wires of diameter 
‘2 of a millim. It was found necessary to use comparatively 
large wire, as the first set of connecting leads, built up of 
wire ‘07 millim. in diameter, parted with the constant 
turning and gave rise to a variable plug-resistance. The 
use of the conical plug in a solid conical socket is completely 
free from errors caused by the change of shape of the insu- 
lating material ; further, such forms can be easily and accu- 
rately machined, a matter of no small importance to those 
who make their own apparatus. 

The terminals are of large diameter (25 millim.), and are 
arranged with the screw in the moveable part, so that the 
top of the fixed part can be readily cleaned. 

The proportional arms are fitted with the usual divided 
blocks. 

The whole of the metallic part is made of phosphor-bronze, 
a material which is harder and less liable to oxidation than 
ordinary brass. 

The containing box is lined with copper for the reception 
of the oil. 

The form of bobbin and the wire for the standard resistance- 
coils are the same in the 1 and 10 ohm standards ; but in 
the 100 and 1000 ohm standards the mica is stiffened by 
being slipped into a brass back, like the back of an ordinary 
tenon saw, which quite prevents any tendency to bend. The 
temperature is measured by means of a thermometer placed 
in a pierced tube which lies inside the coil. The coils are 
inclosed in an outer brass case and fitted with the usual 
copper terminals for use with mercury-cup connexions. 

* This method of constructing the plugs is due to Mr. R. W. Paul, 
Proceedings of the Physical Society, 1892. 
VOL. XIV. 9) 
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The +}; ohm standard is of manganin, of the usual British- 
Association pattern. 

The oil employed is a pure heavy hydrocarbon oil, obtained 
from Messrs. Price’s Patent Candle Company ; it is free 
from any trace of alkali or acid, and experiments conducted 
by Messrs. Price prove that it has no action on the wire. 


III. Construction of Bridge and Galvanometer. 


The bridge employed was of the usual equal-armed pattern, 
having a straight wire of platino-iridium 1:5 millim. in dia- 
meter and 500 millim. long. The wire is stretched imme- 
diately over the scale by means of two brass split chucks, 
these chucks terminating in circular brass rods, having a 
diameter of 6 millim. The rods slide in heavy brass blocks, 
and the wire can be tightened by nuts on the ends of the 
rods. Thus the wire is not soldered to the terminals, and can 
be removed for repair. The scale is divided into 1000 parts, 
and the divisions are then divided into 10 by estimation ; 
this is easily done with the aid of a good magnifier. The 
slider moves on the scale itself, and is provided with a fine 
adjustment. The connexion to the galvanometer is made by 
a platinum-tipped spring, resting on a platinum wire which 
is laid parallel to the main wire. The equal coils are made 
of manganin, and have a resistance of about 10 ohms. They 
have several times been adjusted to exact equality, but have 
never preserved that equality for a long period. This in- 
equality, however, is unimportant, since it is eliminated by 
double balancing, which has been done at least once during 
each set of determinations, The actual amount of inequality 
at the present time is shown by the facts that, with 1 ohm in 
each of the outer arms, the’ bridge centre (7. e. the mean of 
the readings when the coils are interchanged) is 500°25, 
whilst with 1 ohm in each arm it is 500°4, and with 10 ohms 
in each arm it is 500°5. 

The wire is mounted on a stout marble base. To protect 
the wire as much as possible from heat radiated from the 
observer’s body two blocks of wood have been hollowed in 
such a manner that they can be slid over the wire ; the slider 
itself being wrapped in cotton-wool. These precautions reduce 

U2 


992 MR. F. W. BURSTALL ON THE USE OF 


the effect of the thermo-currents to a few scale-divisions 
on the galvanometer. The effect of thermo-currents on the 
galvanometer was eliminated by the galvanometer-circuit being 
kept closed, the battery-circuit being made and broken as 
required. In order to connect the box-coils and the standards 
to the bridge, three pairs of heavy flexible copper leads have 
been constructed ; one pair has mercury-cups, intended for 
the reception of the standard coils, at one extremity; a 
second pair has conical plugs, so that any particular coil in 
the box can be measured alone ; the third pair and the other 
six extremities of the leads are provided with heavy copper 
spades, by means of which connexion can be made with the 
terminals of the box and the bridge. The three pairs of leads 
are adjusted to exact equality one with another, and each has 
a resistance of ‘00966 ohms at a temperature of 11°°8. The 
values of these resistances do not enter into any determination 
as the leads were always in pairs, one in each arm of the 
bridge. 

The galvanometer is a four-coil astatic instrument, the 
resistance of each coil being 60 ohms. The magnet system 
is supported by a fine quartz fibre 260 millim. long, In 
order to diminish as far as possible the effects of the vibration 
caused by London traffic, thick rubber blocks are placed on 
the pier supporting the galvanometer ; this precaution has 
made it possible to work at any time except when large 
masses of iron are being moved in the neighbouring goods 
station. The scale is placed 3 metres from the mirror. The 
motion of the mirror is observed by means of a small electric 
lamp which projects the image of a fine wire on to the mirror, 
thence it is reflected on to a ground-glass scale. The observer 
is at a considerable distance from the galvanometer, a matter 
of some convenience since the zero is thus not so liable to be 
changed. The galvanometer gives a distinct movement for 
an alteration of ‘00001 of an ohm, with 10 ohms in every 
arm, the battery being one Hellesen cell, together with an 
added resistance in series with it of 10 ohms. The galva- 
nometer is connected to the bridge by 20 gauge rubber- 
covered high insulation wires ; the rubber covering’ is neces- 
sary as I have found serious errors introduced unless the 
insulation of the galvanometer connexion is extremely good. 
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IV. Determination of Standards. 


The temperature difficulties which are most liable to cause 
inaccuracy in resistance measurements have been greatly 
simplified by the remarkable uniformity of temperature of 
the room in which the measurements have been made. The 
room is almost entirely underground, and is protected on all 
sides by other portions of the building from the heat of the 
sun. It is lighted by one small electric lamp, which gives 
rise to no appreciable change of temperature. The presence 
of one experimenter causes the temperature of the air to rise 
about *2 of a degree during the first half hour, and then it 
becomes constant ; but the temperature of the resistance-box 
and standards, the latter being placed in earthenware vessels 
and surrounded by sawdust, takes several hours to rise as 
much as ‘03 of a degree. 

The bridge-wire was calibrated by a method due, I believe, 
to Mr. Griffiths. In one of the outer arms is placed, by means 
of mercury-cups, a coil of low resistance, called the gauge- 
coil; on the other hand, the gap can be short-circuited by 
means of a thick copper bar. In the opposite outer arms are 
placed three resistance-boxes in parallel. The object of this 
arrangement is to secure the necessary fine adjustment, 
Commencing with the slider at one end of the wire, the 
gauge-coil being in place, a balance is obtained by adjusting 
the resistance in the boxes, the slider remaining fixed. The 
gauge-coil is then removed and the copper bar substituted ; 
the slider is then moved until a new balance is obtained. Pro- 
ceeding thus, the whole wire is divided into a number of parts 
the resistances of which are equal. From these observations 
a chart can be prepared showing the deviation in resistance 
of the wire from a wire of uniform resistance per unit of 
length. One of the great advantages of this method is that, 
when an abnormal value has been obtained, it is a simple 
matter to come back to that particular portion of the wire 
for a check measurement. The gauge-coil was equal to the 
resistance of 22°293 mean scale-divisions (each 0°5 millim.), 
and the greatest error at any point of the wire amounted to 
‘4 of a scale-division. Throughout the whole of the com- 
parison of the coils this calibration of the wire has been 
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employed, and several apparently discrepant observations have 
been thus brought into line. 

The temperature- -coefficient of the bridge-wire has been 
found by raising the temperature of the room from 10°4 to 
18°1, the bridge having in one arm a coil of known tem- 
perature-coefficient, end was found to be ‘071 per cent. per 
degree. 

The thermometer employed, which is of hard Jena glass, is 
divided into tenths of a degree, each tenth being approxi- 
mately *5 millim. in length. By means of a small reading 
telescope it can with ease be read to ‘01 of a degree. It was 
tested at the Reichsanstalt and, over the range employed, was 
accurate to at least 05 of a degree. 

The temperature-coefficient of the platinum-silver wire, 
over a range from 10° to 25°, was determined by immersing 
a coil of about 1 ohm in paraffin-oil at 25°, and allowing 
it to cool very slowly. It was found to be ‘000274 per ohm 
per degree. 

The 1 ohm coil from which the standards have been built 
up is of manganin, and when tested in June 1894 by Mr. 
Glazebrook had a resistance of 1:00026 ohms at 18°4. I 
was, however, so doubtful of the constancy of this standard 
that in December 1895 I constructed a bare platinum-silver 
1 ohm coil. This was compared with the manganin standard, 
and the mean of eleven determinations gave its value as 


1:00000 + ‘000274 (t—14:96). 


No doubt the manganin coil had changed its value in the 
eighteen months that had elapsed since it was tested, so that 
the above figures were not true ohms. _ 

The 10 ohm standard was obtained by the use of three 
approximate 3 ohm coils*, first placed in parallel and 
balanced against a 1 ohm coil, and then in series with the 
1 ohm coil and balanced against the 10 ohm coil. Instead 
of connecting the legs of the coils by mercury-cups, as is 
usually done, he Fistble metal made by Mr. F. Thomas, of 
Cambridge, was used. This metal, which melts at 60°, gives 
very constant contact resistances, and does not seem to injure 


* This method is deseribed in the B. A. Reports, 1888, 
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in any way the amalgamated terminals of the coils. I first 
determined the value of a manganin 10 ohm coil, which had 
been made for nearly a year. The value obtained on 
December 20, 1895, was 9:9987 at 9°-3. This coil was used 
as a standard to which to adjust the platinum-silver 10 ohm 
coil. The value thus obtained for the latter was 9°9895 at 
10°°3. On stepping up to the platinum-silver 10 ohm coil, 
the value found on December 30 was 9:9905 at 10°6. 
Taking into account the known temperature-coefficient, the 
latter at 10°38 would be 9°9897, which differs by only two 
parts in 100,000 from its former value. 

To obtain the value of the 4/, ohm coil, which was of man- 
ganin, a bridge was formed of two 1 ohm coils, a 10 ohm 
coil, and the +5 ohm coil, and a balance obtained by shunting 
one of the 1 ohm coils*. 


On January 12th, a value of :099934 at 11°2 was obtained. 
ee te oth, ot yy OOO lOc 


The temperature-coefficient of the wire was known to be 
"000004 per degree. Between these two determinations the 
bridge had been dismounted. This coil was again tested on 
April 8th, and had then a value of :099944 at 12°1, whereas, 
if it had remained unaltered, its value at that temperature 
should have been :099938. This change is, however, too 
small to cause any error in the box-coils. , 

For testing coils which are very nearly in the proportion 
of 1 to any power of 10 this method is extremely sensitive, 
and certainly more accurate than making the comparison by 
means of the wire bridge, provided that the resistances of 
three out of the four coils forming the bridge are accurately 
known. — ; 

In obtaining the values of the 1 ohm and 10 ohm standard 
coils, not more than 50 scale-divisions of the wire had been 
employed, hence a small error in the total resistance of the 
bridge-wire would not cause any inaccuracy in the values so 
obtained. ‘The resistance of the bridge-wire was determined 
-in the first instance by placing the standard 1 ohm coil in 
parallel with a coil of slightly smaller resistance than the 


” ” 


* This methcd is described by Mr. Glazebrook, B. A. Reports, 1894, 
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bridge-wire. This gave the resistance per scale-division of 
the wire as (00087 at 10%1. After the value of the y~5 ohm 
coil had been found, the resistance of the bridge-wire was 
determined by balancing the 7) ohm coil against a coil of 
slightly smaller resistance than the bridge-wire ; the 5 ohm 
coil was then removed, and the gap short-circuited. The 
actual figures are of interest as showing the value of a cali- 
brated wire. 


‘lohmin A. Gauge in D. Temperature 10°8. 
Reading 394:0. 
Correction for calibration —°‘3. 


Short circuit in A. Gaugein D. Reading 967'9. 
Correction for calibration, —°2. 


Hence, if p be the resistance per scale-division, 
‘1 ohm coil=2 x 574 p=1148 p. 


On interchanging the coils,— 


‘lohm in D. Gauge in A. 
Reading 32°9. Correction for calibration, 0. 


Short circuit in D. Gauge in A. 
Reading 607°0. Correction for calibration, —‘1. 


This also gives 
‘1 ohm coil=1148 p. 


Whence p='00008705 at 10°8. 
A and D being the two outer gaps of the bridge. 


The 100 and 1000 ohm standard coils were determined on 
similar bridges. The 100 ohm coil,— 


On April 14, had a value 99-913, at 10°8. 
9 ” i Wf ” 9 99-964, ” cee 


Whereas it should have been 99:960, according to the 
observation on the earlier date. This discrepancy is, I 
believe, due to the fact that the shunt required on one of the 
10 ohm coils forming the bridge was greater than 12,000 
ohms, which was the largest resistance at my disposal : in 
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order to obtain a balance one of the 10 ohm coils had to be 
warmed, by means of a water-bath, about 2° above the tempe- 
rature of the room, which led to some uncertainty as to the 
actual temperature. 

The 1000 ohm standard coil was obtained by forming a 
bridge with the 1, 10, 100, and 1000 ohm coils, and had a 
value, on April 28, of 1000°24 ohms at 12°8. No other 
determination has, as yet, been made. The coils were 
adjusted so as to be right at 15°. 


V. Calibration of the Resistance-box. 


For the first three of the dials the coils were ba anced 
against standard coils (fig. 2), and the differences obtained 


Fig. 2. 


OF OAR RrO—OA RE EO °O 


0-1 Sum 
STANDARD 


10 ovina (Gone 


WIRE BRIOGE. 


by means of the wire bridge. In order to connect the 
conical plugs to the arms of the wire bridge, the flexible leads 
with conical ends were used; the standard in the opposite 
arm being connected by means of the leads with mercury- 
cup ends. 

For the 1 and 100 ohms in the proportional arms spade- 


298 


MR. F. W. BURSTALL ON THE USE OF 


ended leads were used, and attached to the terminals at the 
ends of the proportional arms (see diagram). 
For the sake of convenience of comparison, I have reduced 
the resistances to their values at 11°C. 
The values of the 745 ohm dial are as follows :— 


No. of 
Coil. 


ee LOOT 
10012 
10067 
“10008 
“09976 
09982 
“10046 
10003 
10055 


OmNIDoP wD 


Jan. 12. 


Jan. 20. 


10071 
10012 
10069 
“10014 
09974. 
09987 
10046 
10004 
10061 


Jan. 22, Jan,24. Jan. 25. 
Rate een se 10065 
10009 10008 -10008 

‘10063 10061 °10063 
O997 D5 eceee 09973 
eats bell Ys Ses 09985 
Seis gl 4) shuees 10042 


seeeee 


. Mar. 11 


10073 
10012 


eeeeee 


. Mar. 14. 


"10073 


seeees 

eeeeee 
secsee 
seeeee 


It will be noticed that, in coils 1 and 3, I have rejected 


certain values determined on dates before March 11; the 
reason being that, when the new flexible leads were attached 
in February, these two coils were touched and slightly bent, 
and had in consequence to be re-annealed. 

The values of the 1 ohm coils are— 


No. of 
Coil. Jan. 8. Jan. 11. Jan.26. Feb. 12. Feb. 16. Mean. 
errs 99929 *O9099 Sy tee, ek core *99931 *99930 
OR eCtne *99956 209956 a ccsssce Md Stee *99956 
SA aanbaD “99569 *Q9HG68: pees” | commeeee eee ace *99568 
Aes 99964 ‘99969 99970" Say et “99968 
Deneeence. 99776 SOO TA: Scant stan he Lee “99975 
(Geanabaneme paanee 1:00007 1:00007 ...... 1:00008  1:00007 
eee vate Bec *99976 ‘99979 -99978 -99980 ‘99978 
Oeete cater Bo deckic *99878 ‘99875 -99875 ‘99878 ‘99877 
Canoe, eeeae 1:000535 :000b 1a a. 1:00053 ~=1:00054 
Values of the proportional arms are— 
April 3. Mar. 8. Mar. 16. Mean. - 
Lin: Kys..5 *99863 ‘99860 — -99860 ‘99861 
TBE Taw peers 3 ‘99645 99641 ~ -99642 99643 


Considerable trouble was experienced in the determination 
of the 1 ohm coils in the proportional arms, owing mainly to 
variations in the resistance of the plugs, which were fitted into 
the usual divided blocks. The amount of this error is of 


Mean. 
10073 
"10010 
*10050 
‘10011 
“09974 
“09985 
10045 
100038 
‘10061 
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little moment when compared with the 10 ohm coil. The 
1 ohm coils have not been employed in the determination of 
the larger resistances. 

The values of the 10 ohm coils are :— 


No. of Ooil. March 8. April 3. April 4. Mean. 


lierecsse sce 9:9765 DO GL at manatee cas 99764 
SD teveeteee a: 9-9926 EOE HI We cebscoonne 9:9925 
Bl ocashto! choc suas eEERS 10-0033 10-0033 10:0033 
Pae.ce eee DOO TGM © Bice. Ae. 9:9973 9:9974 
Otiennacece cas 99999 10-0000 10-0001 10-0000 
VU ear ncec ORE 9°9574 DGS TS MILL Yvette cte 9:9573 
Diesacebetad 9°9558 DDS D NADY Seances 9°9556 
{S) ygaoeoogonee 9:9863 9°9858 99864 99862 
sO eersieninleseee 99748 9:9753 9:9758 99753 


The values of the proportional arms are :— 


Mar. 8. Mar.16. Mar.17. April3. April4, Mean. 
TO XS co... 9:9513 99506 99513  9-9507 99509 9:9509 
TUDE eae 100106 10:0099 10:0103 10-0098 100101 10-0101 


Desiring to obtain a check measurement, I balanced the nine 
*1 ohm coils against the 1 and 10 ohm standards in parallel, 
and obtained the value -90224 at 13°, while the first five 
coils of the dial, when balanced against the two 1 ohm coils ° 
in parallel, gave °50125 at 13°-2. The actual values for the 
sums of the nine and five respectively, as found by the , 
separate determinations, were ‘90259 and °50147. Of course 
any contact-error due to the plugs would appear when the 
values of the coils are added up. When the separate values 
of the nine coils are added up, the contact-error will have 
entered 18 times into the result, and for five coils 10 times ; 
on the other hand, when the coils are measured in series, the 
contact-error will only enter twice in each case, and the 
differences between the two sets of values in both cases are 
explained by the ascertained result that the contact-resistance 
of each plug is ‘00002. 

It is somewhat bold to assert that an error of ‘00004 ohms 
has not entered into the determination of each of the 745 ohm 
coils. The standard itself is certainly correct, as will be seen 
by reference to its values on the various dates ; the only 
possible explanation would be that the connecting leads of 
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the two arms had not equal resistances. A subsequent test, 
however, proved that they were equal. I was, therefore, 
driven to the conclusion that the contact-resistance as above 
found was real, and not due to an experimental error. 

The resistance of the box from terminal to terminal with 
each plug in zero was obtained in three ways. Firstly, by 
short-circuiting the mercury-cups in one of the arms of the 
bridge, and measuring the resistance of the leads and plugs 
on the bridge-wire. This gave a value of -00967 ohm at 
12°8. Secondly, the first coil of the 75 ohm dial, together 
with the leads, was balanced against the +), ohm standard ; 
subtracting from this resistance the known resistance of the 
box-coil, we get a value of *00964 ohm for the resistance of 
the leads, at 12°-4. Thirdly, a similar method was employed 
to measure the first coil in the 1 ohm dial, and this determi- 
nation gave the resistance of the leads as ‘00954 ohm at 
10°°3. In order that these three observations may agree it 
is necessary to assume that the temperature-coefficient of the 
copper leads is about ‘00005 ohm per degree. This is rather 
high, but the temperature range is too small for an accurate 
determination. 

The values of the coils in the 100 dial were obtained on 
the box itself. Inthe gap A (fig. 3) the 1 ohm standard coil 


Fig. 3. 


1 OHM 
STANDARD 


t . 10. 100.1000 


was placed; this, together with the first three dials, gave a 
resistance of about 100°9 ohms; and constituted one arm of a 
Wheatstone bridge, the two 10 ohm coils in the proportional 
arms formed two other arms, the fourth arm was any one of 
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the 100 ohm coils, which was connected to the gap C by 
means of the two flexible leads with conical ends. The plug 
from the centre of the 100 dial was in the zero of the 1000 
dial so as to complete the circuit from the gap A to the gap 
C. The smallest resistance in the box was 7) of an ohm, so 
that the last two figures of the resistance had to be obtained 
by interpolation from the swings of the galvanometer. The 
battery employed was one storage-cell, and the current was 
commuted for each observation. With the coils of the gal- 
vanometer placed in series an alteration of +4, of an ohm in 
the box caused a total galvanometer swing of about 116 scale- 
divisions. 
The values of the 100 ohm coils are: — 


No, of Coil. April 4. April 6, 
Thee 100°511 100°510 
VS Apis 100°967 100°971 
te al th ST CC 100°266 
AS rer 100-300 100°305 
Sea 100°362 100°365 
OEM aaa 100°671 100°676 
hile a oe 100°603 100°607 
See. 100°434 100°435 
Oe ire. 100°845 100°850 


The 100 ohm proportional arms were determined by the 
same method as was used for the 100 ohm standard coils, 
Their values are :— 

April 17. April 20. April 21. Mean. 
100 in X . 100°224 100°219 100°220 100°221 
100in Y . 100°312 100°314 100°309 100°312 


The 1000 ohm coils were also measured on the box itself. 
In the gap A (fig. 4) was placed the 100 ohm standard coil ; 
this, together with the first four dials, formed one arm of a 
Wheatstone bridge; the two other arms were the 100 ohm coils 
in the proportional arms. A single flexible lead connected 
the last coil of the 100 dial with any required coil on the 
1000 dial. Another lead connected the other terminal of the 
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coil to be measured to the terminal of the proportional arm Y. 
The current was provided by two storage-cells. 


Fig. 4. 
100 OHM 


STANOARD 


| 


§ 86, 100.1090 


The values of the 1000 ohm coils are :— 


April 25. 
1 lo Fa: Jee 1023°35 
y SOR IS A 1027-30 
DS placer 942:05 
Sissi se 1022-04 
Deena 1017-21 
gee Sesser 1032:04 
d Pakoeeker 1007°44 
Se er eee 1003°45 
ee ted he 1026°42 
The values of the proportional arms are :— 
April 27 
TOOO TARO sm 947-92 
LOQOMiinT V-" Prete, oe: 994°21 


My object in giving the whole of the figures relating to 
the resistance-coils is to show to what an extent bare wire 
coils are to be trusted. Whether the coils retain their values 
as well as the resistance standards of the British Association, 
time alone can decide. There is no reason to suppose that, 
if the coils are kept continuously in an oil-bath, and the oil 


kept free from water, any considerable alteration can take 
place. 
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XXVI. On the Theory of Moving ‘Elecivons and Electric 
Charges. By J. Larmor*. 


In an interesting paper by Mr. W. B. Morton, communi- 
cated by the Physical Society} to the Philosophical Magazine 
for June, there is a criticism of a portion of my paper 
on ‘fA Dynamical Theory of the Electric and Luminiferous 
Medium ”’t, which if valid would affect its whole tenor. As, 
however, the formule of that paper were to a considerable 
extent obtained by two independent trains of reasoning, it 
would have to be shown that both were wrong before an 
error could be fully substantiated. As a matter of fact, 
Mr. Morton’s criticism arises from his reading into the 
analysis assumptions which are not there, but which had been 
used, with the proper limitations to secure accuracy, in 
another place in the previous part of the paper. As the point 
is really fundamental, and as the analytical statement in the 
memoir is no doubt too brief to convey at once a grasp of the 
procedure employed, without somewhat detailed consideration 
on the reader’s part, I beg leave to offer the following general 
explanation. 

The facts of chemical physics point to electrification being 
distributed in an atomic manner, so that an atom of electricity, 
say an electron, has the same claims to separate and permanent 
existence as an atom of matter. The fundamental question 
then is, how far the conception of separate isolated electrons, 
pervading the ether of free space, can provide an explanation 
of electrodynamic and optical phenomena. In the paper re- 
ferred to I have gone further back, and have considered the 
question how far such a simple underlying scheme is able by 
itself to provide an explanation of physical phenomena in 
general ; for it will obviously not be permissible to import 
into our dynamical notion of an atom of matter more than 
simple electric properties, unless these latter prove to be in- 
sufficient to include all actual knowledge of its relations. 
The conclusion arrived at in the memoir is that there is 


* Read June 26, 1896. 
+ The present volume, ante, p. 180. 
+ Phil. Trans. 1894 (A) , pp. 719-822, and 1895 (A), pp. 695-743, 
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nothing in the ascertained laws of general physics which 
points to insufficiency in that scheme ; while there are some 
experimental results which somewhat militate against the 
existence of interatomic forces of any kind other than those 
included in it. 

The main feature of the theory referred to is that the ether 
is not matter, as ordinarily assumed, nor in any way like 
matter ; it is the uniform substratum (analytical basis, if one 
is disposed to use that term, for it can never be the direct 
object of: perception) in which the atoms of matter consist as 
permanent configurations of strain and motion. As was to be 
expected, the relations of inertia and elasticity of this uniform 
medium are simpler than those of matter, which is merely a 
molecular aggregate involved in its constitution. In fact, 
the only way to arrive at a scheme of the relations between 
zther and matter which shall be a complete dynamical 
theory and not merely descriptive, is to abolish the apparent 
duality in the phenomena, either by taking as here the mole- 
cules of matter to constitute singularities (in the mathe- 
matical sense of the theory of functions) in the uniform 
ether, or else by trying to make out the ether to be ordinary 
matter, and so giving up any attempt to explain why matter 
is molecularly constituted. This molecular constitution of 
matter is essential to the former theory, just as it is to all 
other theories or illustrations, like the vortex theories, which 
hypothecate a uniform underlying medium; it is quite 
unintelligible—or rather quite unexplained—on the latter 
type of theory. 

But however these things may be, the point criticised by 
Mr. Morton does not involve any considerations so refined, 
or—as possibly may be said—so ambiguous. The sections to 
which he objects claim to be a reconstruction of ordinary 
electrodynamice theory on the basis of permanent electrons 
associated with the atoms of matter. Whatever view one 
may entertain as to the presence of qualities other than electric 
in the atom, all are I think now-a-days agreed that the electron 
is there. And whatever view one may have as to the validity 
and sufficiency of an ether with simple rotational elasticity, 
the formal equations to which that theory leads for free space 
are just those equations of Maxwell which Hertz’s experi- 
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mental work has fully verified. The problem of electrodynamics 
is then that of the free ether, whose properties are represented 
analytically by these acknowledged equations, disturbed by 
the action of the electrons of material atoms moving about in 
it. The original Amperean electrodynamics, proceeding by 
consideration of elements of current, has not proved valid or 
sufficient in matters involving electric radiation, or even 
ordinary electrodynamic force. A most successful modification 
of it was that proposed by Weber, in which elements of current 
were replaced, as the fundamental object of consideration, by 
moving electric particles which acted on each other at a dis- 
tance according to a law of force involving their velocities. 
This theory was, however, shown long ago by Lord Kelvin 
and Professor von Helmholtz to be untenable, on account of 
its violating the principles of the modern theory of energy ; 
now, of course, direct action at a distance is altogether out of 
court. The present question is whether a theory of electrons 
which act on each other, not directly according to a law of 
force, but mediately by propagation of the effect across the 
intervening eether, suffices to avoid the discrepancies of earlier 
theories and give a consistent account of electrical and optical 
phenomena ; and it is maintained that the answer is altogether 
in the affirmative. This question is, presumably, sufficiently 
important and fundamental to justify the present detailed 
explanation. 

At the end of the first of the two papers referred to, 
building chiefly on the analytical results of previous theorists, 
the steady ethereal disturbance carried along by a moving 
electron had been investigated, and also the law of the force 
exerted on each other by two moving electrons through the 
intervention of the ether between them. This was on the 
hypothesis that each electron carried along with it a steady 
trail of sethereal disturbance, but that no sensible derange- 
ment of this steady motion ever occurred such as would lead 
to loss of the energy of the system by the starting of waves. 
If the velocities of the electrons remain always small compared 
with that of radiation, then, however their mutual influences 
alter their motions, this steady trail will instantaneously adjust 
itself to the new conditions without sensible excitation of 
radiation, and the theory will apply. But if any of the 
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electrons are moving with velocities comparable with that of 
radiation, a change in velocity will involve derangement of 
this steady trail of ethereal strain and motion, giving rise to 
wayve-motion which will carry off some of the energy by 
radiation. Accordingly in such a case it is altogether nuga- 
tory to speak of laws of action between electrons : the complete 
theory must then take account not only of the positions and 
velocities of each of the electrons at each instant, but also of 
the state of each volume-element of the surrounding ether. 
And the theory of mutual actions of electrons as expressed in 
the memoir was in fact thus restricted to cases in which their 
velocities were small compared with that of radiation: unless 
that condition is satisfied there is no such theory at all. 

In the second paper (§ 15, segg.) the general problem is 
attacked : it is now not a question of a set of electrons by 
themselves, each with a definite steady trail, but of the 
zthereal medium in general, including such electrons as exist 
in it. The analysis there given determines from foundations 
which all who adopt Maxwell’s electrical scheme for free 
zether must allow, expressions for the force (P’, Q’, R’) which 
acts on an element of volume of the free ether, and for the 
force e (P, Q, R), ordinarily called electric force, which acts 
on an electron e; and it uses these forces for further develop- 
ment of the theory. What Mr. Morton’s computation 
virtually does is to assume that the trail of each electron is 
steady, and then to transfer to the electron itself the forcive 
due to (P’, Q’, R’) acting on this ethereal trail. In the 
special case of no radiation, and of velocities small compared 
with that of radiation, this forcive can, as above explained, 
be transmitted through the ether to the electron itself, and 
be supposed there applied. But to so transmit it in general 
is to miss the point of the theory, and, as Mr. Morton himself 
remarks, to reach the absurdity that the force on a moving 
charge depends not only on the state of the surrounding ether 
but on the state of the ether at a distance. 

As regards the main subject of Mr. Morton’s paper, it may 
be of interest to state the following general theorem. Suppose 
a system of charged conductors is in steady translatory motion 
through the quiescent zther with velocity uw, and let v repre- 
sent the velocity of radiation in free ether: consider a cor- 
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relative system of conductors obtained by uniform geometrical 
elongation of the actual system along the direction of motion 
in the ratio of (1—w?/v?)— to unity, and find the electrostatic 
distribution of the same charges on this system supposed at 
rest: then the actual distribution of the charges on the 
moving system will be exactly correlative, viz., equal charges 
will exist on all corresponding elements of the two systems. 
This proposition is, however, limited to the case in which 
none of the bodies of the moving system are dielectrics, but 
all are conductors. 

Finally, I take advantage of the present opportunity to 
draw attention to some special points in which the analysis 
of the second part of my memoir is incomplete. In §§ 28, 29, 
on the mechanical pressure of radiation, a statical forcive has 
been overlooked; when this is included the result practically 
agrees with that given by Maxwell. In §§ 34-6, on the 
material forcives in polarized media, the tractions on inter- 
faces of transition remain to be developed, and the theory 
may be otherwise improved. I hope presently to treat this 
subject at length. 


Cambridge, June 4, 1896. 


XXVII. On the Resistance of the Electric Arc. By JuLius 
Frita, 1851 Exhibition Scholar, the Owens College, Man- 
chester, and CHARLES RopgErs, B.Sc., 1851 Hehibition 
Scholar, Firth College, Shefield*. 


[Plates I. to III.] 


THERE seems to be some uncertainty as to what is meant 
by the resistance of the arc. Any given are is a phe- 
nomenon which exists at a definite P.D. and current, and 
any attempt to measure its resistance must alter the state of 
the arc as little as possible or else we are no longer dealing 
with the same phenomenon. Hence it seems to us that the 
only way in which the resistance of the are can be measured 
is by the ratio of a very small increment of P.D. applied, to 
the small increment of current produced. It must also be 


* Read May 8, 1896. 
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borne in mind that the change in the current must be of so 
short a duration that the form of the carbons is not in any 
way altered. 

Apparently the only method which fulfils these conditions 
is one in which a small alternating current is used, super- 
imposed on the main continuous current. This has the effect 
of rapidly increasing and decreasing by a small amount the 
current passing through the arc. It seems probable that the 
effect on the arc of each small increase of current is annulled 
by the decrease of current immediately following. In fact a 
comparatively large alternating current may be superimposed 
on the main continuous current without producing any visible 
effect on the are. 

We are thus led to define the resistance of the arc as the 
ratio of a small increment of P.D. applied, to the small incre- 


es ; dV 
ment of current produced. This may be briefly written TA’ 
It is most important to distinguish this quantity, which we 


call the “ instantaneous ” from the tangent of the incli- 


dA’ 
nation of the tangent line of the curve representing the steady 
values of V and A, which we will call, for the sake of clear- 
dV 
ox 

We have performed some experiments to exemplify the 
difference that exists between these two quantities; and also 
to show that in cases analogous with the arc, where, however, 


ness, the “steady ” 


the result can be verified, the instantaneous TA? found by 
superimposing an alternating current, gives correct values 
for the resistance. 

In one of these experiments a glow-lamp, taking 10 am- 
peres at about 8 volts, was placed in series with three I.E.S. 
50 ampere accumulators, and a current sent through against 
the E.M.F’. of the cells. This arrangement is just what is 
wanted to test the method, namely a resistance in series with 
a back H.M.F., both of which are functions of the current ; 
and, further, the resistance can be separated from the back 
E.M.F. and measured, and the result compared with the value 


obtained for the resistance by the instantaneous - 
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The result of this experiment is represented on PI. I. 
Here are plotted the curves connecting the current and P.D, 
between the outside terminals of the arrangement and also 
between the terminals of the lamp and of the battery. This 
last gives the back E.M.F., since the resistance of the 
cells was small enough to be neglected. The P.D. at the 
lamp divided by the current gives the resistance ; this is 
plotted on the same diagram ; to make it clearer, however, 
the scale of ohms is multiplied by 10. We have measured* 


the instantaneous 


ah at various current strengths, and the 


values of this are plotted in a dotted line. It is seen that 
there is a very close agreement between these two measure- 
ments of resistance. Qn the same sheet are plotted values 


dV 
for the steady 7A‘ This differs considerably from both — 


the resistance-curves. This leads us to see that the rapid 
excursions caused by the alternating current are not along 
the curve joining the steady values of V and A, but along 
a line which is everywhere more vertical than the tangent 
to the curve. This line is formed by joining the point on 
the curve to the instantaneous origin, which is distant from 
the origin of the diagram by an amount equal to the back 
E.M.F. at that particular current. Were the electrical 
excursions to travel along any intermediate path, the value — 


obtained for the instantaneous would be dependent on 


dA 
the frequency. As will be seen later, this is not the case 
between the experimental limits of 250 and 7 complete alter- 
nations per second. If, therefore, the arc, as has been affirmed 
by various authorities, consists of a back H.M.F. and a re- 
sistance, we feel justified in applying this method for the 
measurement of its resistance, which has been found correct 
in closely analogous cases. 

Now at very low frequencies indeed the electrical oscilla- 
tions would travel along the curve connecting the steady 
values of V and A; and this is clearly the meaning of the 
critical frequency which we have observed with cored carbons 
(see p. 823), namely, that under the critical frequency the 


* By Method I. below. 
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superimposed alternations travel on the steady value curve 
eoere : ; pay. 
and become identical with the “ steady gat 


Several experimenters have obtained values for the resist- 
ance of the are which agree fairly well amongst themselves, 
and which seem to show that the arc has a positive resistance *. 

It was pointed out, however, by Prof. Ayrton at the 
Ipswich meeting of the British Association, that although 
there was a marked agreement between the values obtained 
by these experimenters, they were not at all in accordance 
with the conclusions drawn by himself from consideration 
of the curves obtained by Mrs. Ayrton. These curves con- 
nect the P.D. between the carbons with the current passing 
through the arc, for various fixed lengths of arc, and from 
them it is seen that for a given arc-length an increase of P.D. 
is always accompanied by a decrease of current. From this 
fact Prof. Ayrton concluded that if an attempt were made to 
measure the resistance of the are by altering the P.D. between 
the carbons and finding the corresponding alteration of cur- 
rent produced, the resistance found by taking this ratio must 
be negative. 

This conclusion was strengthened by some experiments 
made by Mr. Mather at Prof. Ayrton’s suggestion. In one 
cf these experiments two points of equal potential were found 
in a circuit consisting of an arc, a battery, and a resistance. 
Another battery, consisting of a few cells, of known H.M.F. 
and resistance was applied between these two equipotential 
points and the current flowing through the battery was noted. 
The resistances of the two parallel halves of the circuit, exclu- 
ding the arc, were known, so that the current which, taking 
the are resistance as zero, should flow through this battery 
could be calculated. Now the value of this calculated cur- 
rent was found to be less than the observed value, no matter 
in which direction the P.D. was applied, and this result 
was also obtained when an alternating P.D. was used. 
Hence the resistance of the are was apparently less than 
Zero. 


* An abstract of papers bearing on this subject was given by Mrs. 
Ayrton in the ‘ Electrician,’ Sept. 18, 1895. 
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The other experiment consisted in running the are ata 
steady P.D. and current, suddenly altering the resistance in 
circuit by a small amount, and noting the changes in the 
ammeter and voltmeter-readings so produced. The new con- 
ditions were maintained only long enough to allow of these 
readings being taken. The arc was then brought back to its 
former condition before taking another reading. It was found 
that a change of P.D. in one direction was always accompanied 
by a change of current in the opposite direction. The results 
of both experiments were, however, only qualitative. 

All these experiments, together with the consideration of 
the curves found by Mrs. Ayrton, lead to the conclusion that 
the arc has a negative resistance, while former experimenters 
had all obtained a posttzve resistance. 

It was in order to throw some light on this discrepancy 
that we undertook a series of experiments to determine with 
some degree of accuracy the resistance of the arc under various 
conditions. 


Methods. 


A number of methods were tried using alternating currents, 
of which the following were most successful :— 

Method I. is represented diagrammatically in fig. 1. D is 
the armature of an alternator, the current from which passes 
round two circuits in parallel, one of which contains the are 
X, and the other an adjustable resistance R. By adjusting R 
the alternating currents in the two halves can be made equal. 
When this is the case the impedances of the two halves to 
alternating currents must be equal. 

In the diagram the continuous-current circuit is shown to 
the left. It consists of a battery of accumulators B, the 
hand-adjusted arc-lamp X, the resistance K, the ammeter A, 
and (with the commutator C as shown) the resistance S 
and the alternator D. It will be noticed that the alternator D 
carries the continuous current, but this of course does not 
prevent its acting as an alternator. 

In order to measure the small alternating current indepen- 
dently of the continuous current flowing we used the air- 
transformer T, the thick wire coil of which was in series with 
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the alternator D, the thin wire coil being connected with an 
electrostatic colwmeter E. The reading of the electrostatic 
voltmeter is thus unaffected by the continuous current, while 
itis, ata given frequency, a measure of the alternating current 
flowing. 

Fig. 1. 
nt 


R 
T 
<=) 
——— 
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K © © 
Cc 


By means of the commutator ©, the air-transformer T can 
be thrown into either circuit, the resistance S being by the 
same operation thrown into the other circuit. The resistance 
S is equal to that of the thick wire coil of T, so that when § 
replaces T the continuous current is unaffected by the change. 


Method of Experimenting. 


The arc was run at the required current and P.D. by alter- 
ing the number of cells in B, K being always kept the same. 
The current was kept constant by adjusting the are by hand. 
Under normal conditions the current could be kept constant 
to within 1 per cent. R was now adjusted till the deflexion 
of E was the same when T was in either circuit. When 
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balanced, a change of 0:01 ohm in R caused an appreciable 

difference in the deflexions of E. It was found to be useless 

to adjust more accurately than this, since the small variations 

in quality always found in carbons produced differences of 
this order in the resistance of the arc. 

Let the value of R when a balance is obtained be R,. This 
is equal to the resistance, to alternating currents, of the bat- 
tery (,), the resistance (k), the arc lamp and connexions (I), 
and the are (). 

Ry=k+b+l+e. . 1 . .~ « G) 


The carbons are now firmly screwed together and the number 
of cells in B reduced till the continuous current is the same 
as before. R is again adjusted till the deflexions of E are 
equal ; and if R, is the new value thus obtained, 


sSrPie tls. as. ee 


b, being the resistance of the portion of the battery now used. 
The cells are next cut out, the mains leading to them short- 
circuited, and a third value R; obtained, 


Bitlis. ee 


From (ii.) and (iii.) we obtain the resistance of b,, and by 
proportion of any number of cells. Putting these values in 
(i.) we obtain the value of 2 in ohms. 

The advantages of this method are that no calibration of 
the electrometer is required, the speed of the alternator need 
not be constant for long periods together, various alternators 
giving different frequencies and wave-forms can be used 
without materially altering the circuit, and especially that 
the resistance of the arc can be obtained directly in ohms as 
the difference of two readings of the box R. 

Method II. is shown diagrammatically in fig. 2; the are 
circuit in this case being shown to the right. X is the are, 
B the battery of accumulators, K the resistance, A the am- 
meter, and V the voltmeter across the arc. B and K were 
made large, K being about 11 ohms. The circuit shown on 
the left consists of the alternator D, the transformer T, which 
together with H is now used simply as a delicate alternate- 
current ammeter, a condenser F, and a commutator C. By 
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means of C we can put in circuit either the resistance R, 
or the arc-lamp X in series with the resistance 8. The alter- 
nating current flowing through K is negligible compared with 


Fig. 2. 
F B 


a 


= ; S 
ee 


that flowing through X on account of the high resistance of 
K. The condenser F prevents any continuous current due to 
the P.D. at the arc from passing through the alternator. 


Method of Haperimenting. 
If Lis the self-induction of the circuit and F its capacity, the 
2 
impedance I of the circuit is given by we R’+ (a _ La) ) 


where = 27 x frequency. Thisis a minimum when LFo?=1. 
The alternator was run at a speed corresponding to this fre- 
quency, at which the arrangement is most sensitive to changes 
of R. 

An experiment consists in adjusting R till the deflexions 
of E are the same whether R or 8+ is in circuit. Then 


R=S+z2. 
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The experiment was first tried without a resistance at 8, 
but it was found impossible when using solid carbons to 
obtain a balance even when R was zero. In order to make 
it possible to obtain a balance with R greater than nothing, 
a resistance S numerically greater than the negative resistance 
of the are had to be put in series with the are. In our expe- 
riments we kept S constant and adjusted R. The experiment 
might have been performed by making R=0, and adjusting 
S till the readings of E were equal. Then S+wz must be 
equal to zero, and therefore z= —S, or the resistance of the 
are ts equal to the resistance in the box S with its sign changed. 

This method gives results which agree well with those ob- 
tained by Method I.; but on account of the necessity of 
keeping the speed of the alternator constant the arrangement - 
is more troublesome to manage, and therefore was used only 
as a check method. 


Description of the Apparatus. 

The arc-lamp had a hand adjustment for each carbon with 
centering arrangements for the positive. The arc-length was 
measured by projecting an image of the arc on to a screen by 
means of a lens in the usual way. 

The reststance K consisted of broad platinoid strips bent 
back on themselves so as to avoid self-induction*. It did not 
heat appreciably with the largest currents used. 

The battery consisted of 50 10-ampere E.P.S. cells arranged 
in 4 groups of 10 cells each, 4 of 2, and 2 groups of 1. 
These groups could be connected up by means of mercury 
cups. 

The ammeter and voltmeter were Weston instruments of the 
horizontal type. 

The air-transformer T was made in two sections which were 
usually used in series. The constants were as follows :— 


Section No. 1: 
Fine wire coil. 
Diameter of wire (uncovered) =4°3 mils. 
- pe. (covered) = 6°3>—; 
Numberof turns . . « §..=9730; 
Resistance . . . . . » =4707 ohms. 


* Described in Phil. Mag. February 1892. 
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Thick wire coil. 
Size of wire No. 12 8.W.G. 
Number-of turns’ |... + = 128: 
Resistance... «) « + os = O43 7%ohm:. 


Section No. 2: 
Fine wire coil. 
Diameter of wire (uncovered) =3 mils. 


- 5, (covered) =5 3 
Number of turns ~~ *.e-0 2. = 29/000: 
Résistance’ 3S er 325120 ohms: 


Thick wire coil. 
Size of wire No. 12 8.W.G. 
Number of tarns ~ 2. *==96: 
Résistance’. "oS 0-112 ohare 


The thick wire was double-cotton-covered. The thin wire 
was silk-covered. 

The voltmeter was an Ayrton-Mather reflecting electro- 
static voltmeter giving a deflexion of 700 scale-divisions at a 
distance of 2500 scale-divisions for 100 volts. This instrument 
was admirably adapted to our purpose on account of its very 
quick swing and excellent damping. 

The resistance R consisted of a box wound with thick 
german-silver wire plugging to 0-1 ohm, in series with which 
was a german-silver wire (No. 10 8.W.G.) doubled back on 
itself and carrying a slider. Points were marked out at dis- 
tances corresponding to 0°01 ohm. These spaces were about 
10:7 centims. long. 

The Alternator. Several different alternators were used. 
The one used while obtaining the curves given was a Pyke 
and Harris machine, which was especially suitable, since it 
had no sliding contacts, both armature and field being fixed. 
The other machines were—for high frequencies a Ferranti, 
and for low frequencies a Gramme alternator. The fields 
in all cases were excited by storage-cells. 

The condenser had usually a capacity of about 60 micro- 
farads. 

Variation of Conditions. 

The conditions of the experiments were varied as much as 

possible. We have studied the effect on the resistance of the 
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arc of variations in the amount, frequency, and wave-form of 
the alternating current; the effect of different kinds of 
carbons and different P.Ds. and currents ; the effect of using 
different combinations of cored and solid carbons, of carbons 
cored with substances other than carbon; and the effect of 
the relative size of the carbons. 


Results. 


The amount of alternating current between the limits we 
have used does not appear to have any influence on the value 
obtained for the resistance of the arc. The largest alternating 
current used had a R.M.S. (root mean square) value equal 
to about 10 per cent. of the continuous current. The smallest 
had about one-tenth of this value. In obtaining the curves 
shown, the R.M.S. of the alternating current was usually 
about 0°5 ampere. 

The frequency also did not have any effect on the resistance 
of the arc between the limits 250 and 7 complete alterna- 
tions per second. Frequencies above 150 were obtained 
from a Ferranti alternator ; those between 150 and 45 from 
a Pyke and Harris; and those between 24 and 7 froma 
Gramme machine. 

Besides these three machines a Mordey transformer of 
ratio 1:1 was sometimes used, with its primary in circuit 
with the Pyke and Harris alternator. On account of its 
having a closed iron circuit it was not so suitable, but it 
gave the same results as the alternators. 

We have thus obtained considerable variety in the wave 
form as well as in the frequency. Hence the wave form 
does not affect our measurements of the resistance of the . 
are. 

The values thus obtained for the resistance of the are 
under various conditions are plotted in Pls. II. & II. Pl. II. 
shows the relation between the resistance of the are and the 
current, the P.D. between the carbons being kept constant. 
Pl. III. fig. 1 shows the relation between the resistance of the 
are and the P.D). between the carbons, the current being kept 
constant. PI.ILI. fig.2 shows the relation between the resistance 
of the arc and the arc length, the current being kept constant. 
In all these cases the resistance is measured from the central 
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line marked 0, positive values above the line and negative 
values below the line. 

Certain makes of carbon have been selected for experiment, 
namely, Apostle, Brush, Thomson- Houston, and Carré carbons, 
as representative of the various qualities of carbon now in 
use commercially. 

The diameter of the positive carbon was in all cases 
11 millim., the diameter of the negative was 9 millim. in the 
case of the Apostle and Brush carbons, 8 millim. in the case 
of the Carré carbons, and 11 millim. in the case of the 
Thomson-Houston carbons. These sizes were selected as 
being most suitable for the currents we were able to take 
from our cells. The sizes of the Apostle carbons were those 
used by Mrs. Ayrton in her experiments. 

That the diameter of the carbons used does not have any 
great effect on the resistance of the arc for the same current 
and voltage is shown by the curves D and H, Pl. Il. and fig. 1, 
P]. III. These are the curves for two solid Apostle carbons -—one 
set D having carbons 11 millim. and 9 millim. and the other 
set H having carbons 18 millim. and 5 millim. in diameter re- 
spectively, and it will be seen that they lie very close together. 

On the curves each make of carbons is represented by a 
particular kind of line as explained in the figure, the Apostle 
carbons, for instance, are represented by a dotted line. Curves 
bearing the same letter refer to the same combination of 
carbons in the different makes. For each make there are four 
combinations :—-+ cored, —cored; +cored, —solid ; +solid, 
—cored ; +solid, —solid; represented respectively by the 
letters A, B, C, and D. 

The general characteristics of these curves are that the 
ordinates of those for + solid —solid are always negative, and 
those for +cored —cored always positive, while the other 
curves all lie between these two extremes, those which have the 
positive carbon solid always being more negative than those 
which have the positive cored. The greatest uniformity is met 
with in the case of the +solid —solid combination, in which 
all the curves lie close together. For this reason the curves for 
the Thomson- Houston carbons have been omitted, as they lie 
completely on the other curves, and would tend to cause 
confusion. In the case of cored carbons, however, the 
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uniformity is not so marked, as the material of the core varies 
largely with the make. In fact, in a single carbon the core 
may vary considerably, and for this reason the curves for 
cored carbons are more troublesome to take. 

Pl. II. shows the relation between the resistance of the 
are and the current that the arc is taking, the voltage at the 
carbons being kept constant. It will be noticed that in the 
case of those combinations which have a solid positive, the 
number expressing the negative resistance of the are increases 
as the current decreases. With the other two combinations— 
those having a cored positive—the curves for Brush and 
Carré carbons have the same general characteristics, while 
those for the Apostle carbons cut these latter. This is pro- 
bably due to peculiarities in the coring of the Apostle 
carbons. 

PI.III. fig. 1 shows the relation between the resistance of the 
are and the P.D. between the carbons, the current being kept 
constant at 10 amperes in all cases. These curves are more 
instructive than those in PI. II., as the character of the are 
alters more with change of voltage than with change of 
current. As before, the curves for the solid carbons are all 
very close together. In this case they all show a minimum 
(maximum negative) value at about 55 volts. With com- 
binations having a cored positive, this minimum becomes 
more strongly marked and occurs at a lower voltage. 

It has been our practice to examine the image of the are 
on the screen and note when any change in the appearance 
of the arc takes place. It was first noticed by Mrs. Ayrton 
that with cored carbons under certain conditions a dark space 
appeared somewhere near the centre of the arc, dividing the 
purple glow into two parts. This was never noticed in the 
case of solid carbons. Our observations have fully confirmed 
this, and, moreover, we find that the dark space, when only 
one carbon is cored, is nearer this carbon. We have noted 
the appearance or disappearance of the dark space, and we 
find a remarkable coincidence between this point and the 
minimum of the curves. In the curves for cored carbons in 
Pl. III., to the right of the minimum point the arc always 
shows a dark space which becomes less marked on approach- 
ing the minimum, and at the minimum finally disappears. To 
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the left of this point, although the dark space has quite dis- 
appeared, yet the difference in colour between the two parts 
of the glow is still observable, that near the negative carbon 
being of a redder tint than that near the positive. 

Pl. III. fig. 2 shows the relation between the length of 
the arc and its resistance at constant current. The general 
characteristics of these curves are the same as those of fig. 1, 
since the length of the are is roughly proportional to the 
voltage. 

Liffect of the Core. 


Since the presence of a core in either carbon has such a 
marked influence on the resistance of the arc, we tried the 
effect of boring out the core ofa Carrécarbon. The result of 
using this hollow carbon as the positive is shown by curve F 
in Pl. III. It will be seen that this curve follows very closely 
that obtained with both carbons solid. The effect was now 
tried of filling this hollow carbon first with plaster of Paris, 
and then with kaolin. In both cases the resistance of the 
arc so produced was positive. Another effect of these cores 
was to cause the arc to burn at a much lower voltage for 
a given current and are length. The are was, however, too 
unsteady to allow of a curve being taken. 


Particulars of Cores. 


The diameters of the various cores are as follows :— 


Diam. Diam. 
Carbon. of carbon. of core. 
mm, mm, 
SUDOBGIG” Go Se Ua ah ee if 
9 DBYS: 
Brush fares 20%. 2 ed): 23 
9 2°18 
Carré On ee eo el 2°4 
8 1:9 


Inverted Ares. 


In the experiments hitherto described the positive carbon 
has always been uppermost. Experiments were now made to 
ascertain if the resistance of the are is dependent upon 
whether the positive carbon is the upper or the lower. 
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Using solid carbons, the resistance is not appreciably 
altered by inverting the are. With cored carbons, however, 
the resistance of the arc is altered, and moreover the physical 
character of the arc is changed. As we have pointed out 
above, the distinguishing feature of the arc when using cored 
carbons is the appearance of a dark space situated near the 
centre of the purple glow, which appears to considerably 
increase the resistance of the arc. On inverting such an are, 
however, we find that this dark space completely disappears, 
and, as we should have expected, the resistance is consider- 
ably diminished. At low currents or P.Ds., the difference 
between the resistances of ordinary and inverted ares dimi- 
nishes till the two values become nearly equal. These are 
the conditions under which the dark space ordinarily dis- 
appears. Hence when the dark space has disappeared, 
inverting the arc makes but little difference in its resistance, 
which is also the case with arcs using solid carbons, in which 
there is no dark space. 

By placing the carbons horizontal, a value for the resist- 
ance of the are can be obtained which is intermediate between 
the two values obtained by placing the positive carbon 
respectively above and beneath the negative carbon, the_ 
current and P.D. being the same in the three cases. 

From consideration of the part played by the dark space, it 
would appear that the resistance of the are is greatly affected 
by the state of the contact between the purple glow and the 
negative carbon. When the inside purple glow is in good 
contact with the negative carbon, the resistance of the arc is 
most negative. When, however, there is a dark space (caused 
by the presence of foreign matter or of carbon in a different 
physical state), and hence a lack of contact between this glow 
and the negative carbon, the resistance becomes increased. 


Hissing Ares. 

An attempt was made, using Method I., to find the resistance 
of a direct-current hissing are produced with accumulators, 
but it was found that even with the alternator at rest there 
was a large deflexion of the electrometer, showing that the 
current through a hissing arc is oscillatory. In order to deter- 
mine the frequency of the oscillation, a condenser and 
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telephone were put across the are. The sound heard in the 
telephone was, however, of no definite pitch. 

A method suggested AG Mr. Campbell was used to measure 
the amount of this oscillatory current. The current taken by 
the hissing are was passed through the primary of a trans- 
former, the secondary of which was put in series with a 
reflecting twisted-strip ammeter, the deflexion being noted. 
The are lamp was then disconnected, and a known alternating 
current was sent through the primary, of such magnitude 
that the deflexion was the same as before. This known 
current has the same R.M.S. as the oscillatory current passing 
through the arc, for if the impedance of the secondary is 
large compared with its resistance, the deflexion of the am- 
meter is the same for the same R.M.S. current whatever 
the frequency. The are was run at 14°5 amperes and 35 
volts, Apostle carbons +9 mm. —9 mm. being used. While 
the arc was burning the deflexion of the ammeter varied 
between 200 and 250 scale-divisions. Primary currents of 
0-43 ampere and 0°53 ampere, as measured by another 
twisted-strip ammeter, produced these scale-readings respec- 
tively. Hence in this case the R.M.S. of the oscillatory 
current amounted to about 3 per cent. of the continuous 
current. 


Low Frequencies. 


On comparing our results with the steady = taken from 


the slope of the curves published by Mrs. Ayrton, the agree- 
ment as to sign, which held in the case of solid carbons, was 
found to break down in the case of cored carbons ; for while 
the general shape of the curves obtained by Mrs. Ayrton was 
the same for cored as for solid carbons, that is both curves 
except for short arc-lengths indicated a negative resistance *, 
we find that with both carbons cored the resistance is always 
positive. With a view to elucidating this point, we repeated 
Mr. Mather’s experiments using both carbons cored, and 


found the ai negative as shown by the following table:— 


* Mrs. Ayrton does indeed tnd that for cored carbons at short lengths 
the curves slope slightly upwards, thus indicating a positive resistance. 
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Brush Carbons. Both cored. 
+11 mm. —9 mm. 


Arc taking 9 amperes at 43 volts. 
Resistance in circuit about 5 ohms. 


Resistance 

introduced. Volts. éV. Amperes. dA. 
ap 44°8 +1°8 8:10 — °90 
+°4 44-2 +1:2 8°30 — ‘70 
“peo 44 +1:0 8°45 — 55 
+ +2 43-7 oeirad 8°62 — +38 
aol 43°3 aac 8°75 — 25 
—l 42°8 — "2 9°20 + °20 
S94 42°4 — ‘6 9°38 + +38 
—*3 42-0 —1-0 9°60 + °60 
—'4 41°6 —1°4 9°85 + °85 
—-5 A411 19 10:08 +108 


In the curves connecting the P.D. between the carbons and 
the current, each point is obtained by taking the readings of 
ammeter and voltmeter after the are has been made to burn 
for a very considerable time at constant current and are-length, 
so that one may say that the “frequency” is zero. In this 
case, the resistance, if deduced from the slope of these curves, 
would be negative both for cored and for solid carbons. In 
Prof. Ayrton’s original method, although the readings are 
taken as quickly as possible, still the “frequency” is small 
compared with the lowest frequency we have hitherto used, 
and both the carbons and the are may have time to alter before 
the ammeter and voltmeter can be read. ‘This method would 
lead to the same conclusion as before, viz. that the resistance 
of the arc is always negative. Our measurements, however, 
with frequencies as low as 7:5 gave a positive resistance for 
arcs using cored carbons. Hence it seems that there must 
be a critical frequency, above which the resistance has a 
positive value which is independent of the frequency, and 
below which it appears to have a negative value, and further, 
that this frequency must lie between 7°5 and 0. 

Our former methods were not suitable for working with 
a frequency lower than 7, for at this frequency the needles of 


the voltmeter and ammeter began to vibrate with the alter- 
You 
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nating current. This vibration of the needles was made use 


F ry: 
of in the following way, to indicate the sign of the ati 


frequencies lower than 7, The Gramme alternator used in 
the previous method was run as a rotatory transformer. By 
adjusting the continuous current passing through this trans- 
former, and hence its speed, any desired frequency could be 
obtained down to as low as one complete alternation in 
2 seconds. By an arrangement of mirrors the needles and 
scales-of both ammeter and voltmeter could be observed 
simultaneously. In this way it could be seen whether the 
two needles were at any instant vibrating in the same or in 
opposite directions. It is evident that if the needles are 


vibrating in phase, that is if-an increase of P.D. is accom- 


panied by an increase of current, then ay must be positive ; 


dA 
while if they are vibrating out of phase, that is if an increase 
of P.D. is accompanied by a decrease of current, then it is 
negative. With this arrangement, solid carbons at any fre- 
quency gave a negative resistance. With cored carbons, how- 
ever, we found as we expected, that above a certain frequency 
the resistance was positive, while below this frequency the method 


gave a negative value for TA The critical frequency was 


found by observing the point at which the swing of the needles 
was uncertain, being sometimes in phase and sometimes out 
of phase. At this point the frequency was 1°8, at 1:9 the 
_ sign was certainly positive, and at 1°7 was negative. This 
result was obtained with all ares whose resistance as given by 
our curves was positive (with one exception mentioned below), 
and was not obtained with any whose resistance was negative. 
In the case of arcs whose curves cross the zero line, the 
transition from positive to negative, as shown by the disap- 
pearance of the critical frequency, was well shown and 
corresponded with the crossing of the zero line. As an 
example, we ran an are with Brush carbons +11 mm. 
cored —9 mm. solid at 10 amperes, the curve for which is 
marked B in fig. 1, Pl. III. It will be noticed that this curve 
crosses the zero line twice, at 55 volts and again at 41:3 


volts: at 60 volts we found the sign of the oA as shown 


‘ 
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by the swing of the needles, to be positive at frequencies 
above 1°8 and negative below this frequency, at 45 volts it 
was negative at all frequencies ; at 35 volts, however, it was 
positive at frequencies above 1:8, and also at frequencies 
below 1°8. That the resistance would be positive at all fre- 
quencies seemed probable, since the curves connecting the 
P.D. and current at constant arc-length for such carbons 
show that with small are-lengths an increase of P.D. is 
accompanied by an increase of current. 

The experiments have been carried out in the Physical 
Laboratory of the Central Technical College, and our best 
thanks are due to Professor Ayrton and Mr. Mather for 
much kind advice during the course of the work. 


Nore.—Fluctuation of the Current given by a Continuous- 
Current Dynamo. 


An attempt was made to replace the cells in Method I. by 
a dynamo, but it was found that even with the alternator at 
rest the electrostatic voltmeter showed a large deflexion. This 
was evidently due to the oscillation of the current owing to 
the commutator of the dynamo having a finite number of seg- 
ments. The oscillation was found to increase as the brushes 
were moved out of the sparkless position. The dynamo was 
a 5 kilowatt 2-pole machine, and was giving 10 amperes at 
70 volts. By adjusting the brushes to the sparkless position 
this oscillatory current, measured in the same way as in the 
case of the hissing are above, could not be reduced below 
2°5 per cent. of the continuous current, while by rocking the 
brushes out of this position it could be increased to as much as 
9 per cent. without the sparking at the brushes being excessive. 
The commutator was in good condition. This oscillation may 
introduce errors in the measurement by polarized instruments 
of the currents given by dynamos owing to the differences 
between the mean and the R.M.S. of such a current. 


DISCUSSION. 


Prof. A. Gray doubted whether it was right to give the 
name “true resistance ’’ of the arc to the slope of the curve 
connecting the potential difference (V) and the current Ay: 
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V PP 
The authors’ method of deducing e was only true if the 


curve was a straight line ; while in the case of the arc, H and 
a may both vary with the current. 

Mrs. Ayrton said that with reference to the question of 
the existence of a back E.M.F., the evidence tended to show 
that it did not exist. By using an exploring carbon no 
constant back E.M.F. could be found. 

Prof. Ayrton said that, considering the are as consisting 
of a back E.M.F. and a resistance, it was necessary to 
separate these two. Simply obtaining one value of the P.D. 
and the current was of no assistance in solving this question, 
but a series of values had to be taken. By taking the 
changes in the P.D. and current sufficiently small, the curve 
over the range considered was practically straight. It was 
curious to note that as long as observers obtained a positive 
value for the resistance of the arc, no fault was found with 
the method, but that now a negative value was found, the 
accuracy of this method was questioned. Ifa back E.M F. 
does really exist, then it follows that the are must have a 
negative resistance. Mr. Frith has shown why some people 
have got positive and some negative values for the resistance 
of the arc, and also that with an alternating current you may 
get either one or the other. 

Mr. Carrer asked if the fact that the arc had a negative 
resistance did not imply a back E.M.F. in order that the are 
might be stable. If so, was a neyative resistance such an 
absurdity ? 

Mr. Camppgxt said that he was very pleased to see that 
the authors had applied a method which he (Mr. Campbell) 
had suggested for measuring pulsating currents. If a pul- 
sating current, such as could be obtained by means of a 
make and break, were passed through a thermopile you would 
get a back E.M.F., while if an alternating current were 
employed, you would not. 

Mr. Friru, in his reply, said that he had defined the “ true 


resistance” as TA" Mrs. Ayrton has shown that an are will 


not run unless a certain resistance is placed in series with it ; 
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this resistance must be numerically equal to the negative 
resistance of the arc itself. 

Prot. Ayrton said Mr. Frith’s remarks as to the cause of 
the want of stability of an arc without outside resistance were 
most suggestive. 

The Cuarrman said he did not like the expression P.D. 
He suggested the employment of photography to facilitate 
the accurate registration of the instrument readings. 


XXVIII. Admittance and Impedance Loci. 
By FrReperick BepE.*. 


THE quantities chiefly considered in the discussion of alter- 
nating currents are electromotive forces and currents, the 
values of these being determined for different conte 
Hlectromotive forces and currents are commonly represented 
by vector diagrams; and the change in these diagrams, 
as some one quantity is varied, is shown by the loci of the 
vectors which are altered Siecely, What may be termed 
electromotive force and current loci are thus determined. 
The numerical values for which these are constructed neces- 
sarily depend upon some condition involving an assumed 
value either of the current or of the electromotive force : thus 
we may assume a certain current to be constant (as the pri- 
mary current of a transformer), and construct an electromotive- 
force diagram with loci showing the changes in the various 
electromotive forces as some part of the circuit is changed ; 
or we may assume the impressed electromotive force constant, 
and ascertain current loci for the same variation. Let us 
limit ourselves to the transformer. In the first case above, it 
will be found that the constant assumed primary current I, is 
a factor in the value of every line representing the compo- 
nents of the primary electromotive force Hy. By factoring 
out I, we have an impedance diagram similar to the electro- 
motive-force diagram, and without any assumption as to the 
value of the current or electromotive force. Similarly each 


* Read June 26, 1896. 
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line in a current diagram, constructed for a constant impressed 
electromotive force H,, represents a current which is a mul- 
tiple of an admittance (the reciprocal of an impedance) and 
the factor By. By factoring out E, an admittance diagram 
is consequently obtained, similar to the current diagram but 
with no assumption as to the current or electromotive force. 
Admittance and impedance diagrams accordingly correspond 
to current and electromotive-force diagrams respectively, 
differing from them only by a factor. 

Impedance and admittance loci, or electromotive force and 
current loci, for the primary of a transformer will in general 
be arcs of circles for changes in any one of the constants of 
the primary or the secondary circuit. 

Some interesting relations arise from the reciprocal nature 
of admittance and impedance. Let us note the following 
relations between reciprocal vectors :— 

If any vector has an arc of a circle for its locus, a vector 
proportional to its reciprocal will have an are of a circle for 


Fig. 1.— Reciprocal Vectors, p, and p,. 
A 


Q 


a locus. In fig. 1 let p,; be any vector from the origin O, 
having «its locus as shown upon the arc of a circle. The 
vector p2, drawn in the direction of p; and proportional to its 
reciprocal, will have its locus upon an arc of a circle, which 


ADMITTANCE AND IMPEDANCE LOCI. 329 


may be shown as follows. Let p, and p,’ represent the vector 
in any two positions, OA and OA’. ‘The intercepts Oa and 
Oa’ will represent the reciprocal vectors p, and p,’; for in the 
similar triangles OA’a and OAd’, 
paw geeletisd ab 
ree CASON ORS YR oo 
Pi Ps =Pip2= 2 constant. 


The value of this constant product of p, and pz is OG?. 

By a suitable selection of scale, the loci of p; and its reci- 
procal pz may be represented as arcs of the same circle, as in 
fig. 1; or they may be represented by different circles, as in 
fig. 2. In the latter case, 


P1 P2= OG, . OG, = a constant. 


As the origin O approaches the circle which represents the 
locus of p,, the centre of the reciprocal circle becomes more 


Fig. 2.—Reciprocal Vectors. 


distant and its radius becomes greater. When the origin O 
is a point in the circumference of the first circle, the centre 
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of the reciprocal circle is at an infinite distance ; that is, the 
reciprocal locus is a straight line. 

Let us apply these principles to the transformer diagrams. 
The locus of the primary impedance, as some particular quan- 
tity is varied, is a portion of a circle. For example, this may 
be shown to be the case when the secondary resistance is 
varied. Since the admittance of the primary is the reciprocal 
of its impedance, the admittance may be represented by the 
vector pz in the above construction, if the impedance is repre- 
sented by p,. These loci may be drawn to scale for actual 
values. In a constant current transformer the primary elec- 
tromotive force varies directly as the primary impedance. 
In a constant potential transformer the primary current varies 
directly as the primary admittance. But the admittance is 
the reciprocal of the impedance ; hence if we have an arc of a 
circle for the locus of the primary electromotive force when 
the primary current is maintained constant, we may employ 


Fig. 3. 


the above method to obtain the are of a circle which will be 
the locus for the primary current when the transformer is 
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supplied with a constant electromotive force. The converse 
operation may likewise be performed. 

In fig. 3 let the circle C, represent the locus of the primary 
electromotive force E, during some particular change of con- 
dition, the primary current meanwhile being maintained 
constant and in the direction OA. The difference in phase 
between the current and electromotive force is the angle ¢. 
The locus of the primary current under the same change of 
conditions, if the primary electromotive force is maintained 
constant, is the dotted circle C,, which is reciprocal to C,. 
If the constant electromotive force is drawn in the direction 
OA, the locus of the primary current is the circle C,/, drawn 
so that the angles AOC, and AOC,’ are equal. 


Fig. 4.—Method of obtaining Primary Current Locus by the 
Principle of Reciprocal Vectors, 


An application of the method of reciprocal vectors is shown 
in fig. 4. Positive rotation is counter-clockwise. The semi- 
circle JKN represents the locus of the primary electromotive 
force of a transformer, when the primary current is constant 
and is in the direction of OA, and the secondary resistance is 
varied. 

The electromotive force has the position OJ on open circuit 
and ON on short circuit. OH is the power electromotive 
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force on open circuit, and includes the effects of primary 
resistance and the losses due to hysteresis and eddy currents ; 
HJ is the electromotive force to overcome the primary self- 
induction. ‘These are in the direction of the primary current, 
and at right angles to it, respectively. A line from J to K, 
at right angles to the secondary current, would show the 
reaction of the secondary upon the primary. It is to be 
noted that the line NH represents the effects due to magnetic 
leakage. It is desired to find the locus for the primary cur- 
rent when the primary electromotive force has a constant 
value, and is drawn in the direction OA. The angle of lag 4, 
between the primary electromotive force and current on open 
circuit, is JOH. Accordingly, with a constant electromotive 
force in the direction OA, the open circuit current I) is laid 
off lagging behind the electromotive force at an angle of 
AOj’=0,=JOU. The open circuit current I) may be laid 
off to any convenient scale. To construct the locus for the 
primary current proceed as follows :—Lay off the line OC, 
so that the angles AOO, and AOC, are equal. The point C, 
is located so that OC, : OC, : : Qj’: O07. The primary current 
locus is then drawn as the arc of a circle with C, as a centre, 
* passing through ’. 

The limits of the primary electromotive force locus are the 
points J and N. The corresponding limits of the primary 
current locus are the points j’ and vn’. It will be noted that 
these points correspond to the points 7 and n on the circle Cj, 
which are reciprocal to the points J and N. 

In the absence of magnetic leakage the points N and H 
coincide. The point n’ would then lie in the line OA. The 
deviation of the primary current locus from the line OA is 
produced by magnetic leakage. 

An experimental curve showing the primary current locus 
for a constant potential transformer, as affected by magnetic 
leakage, is shown in fig. 5. 

The reciprocal relation between admittance and impedance 
vectors gives a simple method for determining the conditions 
for consonance and resonance in transformer circuits *, 


* “ Resonance in Transformer Circuits,” by Bedell and Crehore, ‘The 
Physical Review,’ vol. ii. p. 442. 
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Figure 6 is given as a particular instance in illustration of 
the statement given above that loci produced by the variation 
of any one constant are usually arcs of circles. The primary 


Fig. 5.—Primary Current Locus for Constant Potential Transfornier; 
Determined Experimentally. 


OPEN CIRCUIT 


(0) 


Fig. 6.—Effect of the Variation of the External Secondary 
Self-Induction in a Constant Current Transformer. 


loci are always arcs of circles. The diagram shows the 
changes due to a variation in the secondary self-induction. 
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Fig. 7 shows the effect of magnetic leakage. The curves 
shown are loci for primary Bl cuomonne force, when the 
primary current is I. The primary electromotive force is 
composed of the components OH, to overcome ohmic resist- 
ance and supply open-circuit losses, HJ to overcome self- 
induction, and (with absence of magnetic leakage) JKo to 
overcome the back electromotive force of mutual induction. 

The semicircle JKyH is the locus for the primary electro- 
motive force in the absence of magnetic leakage. The semi- 
circle JK’N is the locus tor the primary electromotive force 


Fig. 7.—Effect of Magnetic Leakage. 


OPEN CIRCUIT 


when the coefficient of magnetic leakage is constant from 
open circuit to short circuit. In this case we have the 
relations 

JK” JN oP “ 

IK, Ji 


e/a 
JKyie JH 
Beng fC IN 
SSN yee a 


In an actual transformer the magnetic leakage is not con- 
stant, but varies with the load. The locus represented by the 
dotted curve JK’’N is for such a case in which the magnetic 
leakage is zero on open circuit and increases to the maximum 
at short circuit. Where the magnetic leakage is variable, it 
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is determined for any point as K” by the ratio of JK” to JK. 


JK” 


1-4/3 


Thus let us suppose that the back electromotive force JK”, 
actually induced in the primary by the secondary current I,, 
is eighty-one volts ; and that JK,, which would be the back 
electromotive force in the absence of magnetic leakage, is 
100 volts. We then have the equation 


Sir 79 
1—t= 4) a95= 79 208s 
which indicates that the mutual induction is nine-tenths of 
the value it would have in the case of no magnetic leakage. 


The coefficient of magnetic leakage is accordingly found to be 
10 per cent. ; thus :— 


t=1—0-9=0°10. 


Fig. 7 is drawn to represent the values of the various elec- 
tromotive forces in the primary circuit of a transformer, for 
a given value of the primary current and for different values 
of the secondary resistance. If the magnitude of each line is 
divided by the primary current I,, fig. 7 represents the 
values for the primary impedance (without any assumption 
as to constant current or electromotive force) for different 
values of the secondary resistance. The effect of magnetic 
leakage upon the primary impedance of any transformer is 
thus shown for different values of the secondary resistance. 

The above construction affords a simple method of studying 
the conditions for a decrease of the primary impedance of a 
transformer when the secondary circuit is closed *. 

Curves corresponding to the dotted curve in fig. 7 have 
been experimentally determined t by the writer. 


Cornell University, May 1896. 


* Discussed at length before the Physical Society by Mr. E. C. 
Rimington in his paper ou “On Air-core Transformers,” Proc. Physical 
Soe. vol. xiii. p. 1. 

+ ‘Proceedings of the International Electrical Congress,’ Chicago. 
1893, p. 234. 
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Discussion. 


Mr. BuaxesLey asked the author what was his test of 
resonance? Was it that the primary current and E.M.F. 
were exactly in the same, or in opposite phase? The term 
“resonance” was an acoustical one, and he did not see why it 
should be applied to one particular case in the electrical 
problem. The statement made by the author, that “im- 
pedance and admittance loci, or electromotive force and 
current loci, for the primary of a transformer will in general 
be ares of circles for changes in any one of the constants of 
the primary or the secondary circuit,” is only true under 
greater limitations than those cited by the author. 

Mr. Inwarps asked what degree of accuracy the author 
had obtained. 

The AvuTHOR, in reply, said that if the applied H.M.F. and 
the current were brought into phase by means of a condenser 
in the secondary, then he called that a case of resonance. 
The agreement between the experimental and _ theoretical 
results was generally within from one to three per cent. 


os 


PROCEEDINGS 


AT THE 


MEETINGS OF THE PHYSICAL SOCIETY 


OF LONDON. 


SESSION 1895-96. 


February 8th, 1895. 
Captain Asner, President, in the Chair. 


The following were elected Members of the Society :—A. E. 
Briscon, H. F. W. Burstatr, EK. H. Grirrirus, A, A. CampBenn 
Swinton, and W. E. Wixson. 

Mr. W. B. Crorr gave an exhibition of some Simple Physical 
Apparatus, of Photographs of Optical Phenomena, and of Clock 


Springs broken during frost. 
Mr. S. Sxinver read a paper “‘ On the Tin-Chromic Chloride Cell.” 


February 22nd, 1895. 
Captain Aswey, President, in the Chair. 


W. R. Coopmr, J. H. Garpiner, and J. W. Roper were elected 


Members of the Society. 
A communication was made by Mr. G. H. Bryan, “Qn the 
Mechanical Analogue of Thermal Equilibrium between Bedies in 


Contact.” 
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March 8th, 1895. 
Mr. Watrer Batty, Vice-President, in the Chair. 


C. E. Asurorp, H. Borns, 8. H. Bursury, E. Carcupoot, C. W. 
S. Crawzny, N. Evmorroroutos, 8. G. Mosryy, P. E. Smaw, H. 
Sransrietp, F. T. Trovron, and J. Warr were elected Members of 
the Society. 

Mr. Naser exhibited “a New Form of Gas Voltameter.” 
~ Dr. Jounsrone Sronry, F.R.S., exhibited :— 

(1) ** The Local Heliostat ;” 
(2) ‘An Improved Siderostat.” 

Mr. G. U. Yure read a paper “Ona Simple Form of Harmonic 
Analyser.” 

Prof. Mincarn, F.R.S., and Mr. H. N. Arten made a communi- 
cation, “On the Energy Movements in the Medium separating 
Electrified or Gravitating Particles.” 


March 22nd, 1895. 
(At the Royal College of Science, South Kensington.) 


Mr. R. T. Guazesroox in the Chair. 


H. E, Armstrone, D. K. Morris, W. B. Morron, and J. J. 
Tuomson were elected Members of the Society. 
Prof. A. W. Ricxer and Mr. E. Epsrr read a paper “On the 
Objective Reality of Combination Tones.” 
Dr. Borron made the following communications :— 
(1) “Some Acoustical Experiments ; ” 
(2) ‘Objective Demonstration of Combination Tones.” 


April 26th, 1895. 
Mr. Watrer Barty, Vice-President, in the Chair. 


A. Campsert, Exzanor M. Wynw Epwarps, A, Hay, G. R. 
Kaye, 8. A. Norcurr, W. Ruram, H. E. Soprr, and E. Txomas 
were elected Members of the Society. 


Prof. 8. P. THompson read a note “On a Neglected Experiment 
of Amp¢re.” 
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Mr. W. G. Ruoprs read a paper on “ A Theory of the Syn- 
chronous Motor.” 

Mr. Bryan communicated a paper “On a Simple Graphic Inter- 
pretation of the Determinantal Relation of Dynamics.” 


May 10th, 1895. 


Captain Asney, President, in the Chair. 


C. A. Bucxmasrsr, E. Riesy, G. L. Toomas, and §S. 0. F. Warre 
were elected Members of the Society. 

Mr. HeErrovun read a paper “ On the Iodine Voltameter.” 

Mr. A. Suarp read a paper “On a New Method in Harmonic 
Analysis.” 


May 24th, 1895. 
Captain ABnry, President, in the Chair. 


Sir Freprrick BramMwe.t was elected a Member of the Society. 

Dr. Kvenen read a paper “ On the Condensation and the Critical 
Phenomena of Mixtures of Ethane and Nitrous Oxide.” ; 

Mr. Bourstarn communicated a paper “On the Measurement. of 
Cyclically Varying Temperature.” 


June 14th, 1895. 
Captain Anwuy, President, in the Chair. 


S. Beate and T. H. Lrrrzrewoop were elected Members of the 
Society. 

The reading of Mr. Bursratz’s paper, “‘ On the Measurement of a 
Cyclically Varying Temperature,” was completed. 

Mr. N. F. Dezrr made a communication on “ The Thermal 
Constants of the Elements.” 
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~ June 28th, 1895. 
Dr. Guapstone, Vice-President, in the Chair. 


Caruerine E. Berrinern, AcarHa Lronarp, Dorotay MarsHAtt,. 
and J. J. Srewart were elected Members of the Society. 

Mr. Bownen read a note “On an Electromagnetic Effect.” 

Mr, Ruopus read a paper “On the Armature Reaction in a 
Single-Phase Alternating-Current Machine.” 

Mr. Sarrrorp Brower read a paper “On the Electrical Pro- 
perties of Selenium.” 


October 25th, 1895. 
‘Mr. Watrer Batty, Vice-President, in the Chair. 


Sir Anprew Noste and F, W. Suurtock were elected Members of 
the Society. 

Prof. J. Perry, F.R.S., and Mr. H. F. Hunr read a paper “ On 
the Development of Arbitrary Functions.” 

Mr. Lancuester read a paper “ On the Radial Cursor: an Im- 
provement of the Slide Rule.” 


November 8th, 1895. 
Prof. A. W. Rucxrr, Vice-President, in the Chair. 


Mr. W. H. Evererr read a paper ‘‘ On the Magnetic Field of ue 
Cylindrical Coil or Plane Circuit.” 

Mr. Grirrirus and Miss Marswact read a paper ‘“ On the Latent 
Heat of Evaporation of Benzene.” 

Prof. W. Ramsay and Miss Marswarn read a paper “On a 
Method of Comparing the Heats of Evaporation of different Liquids 
at their Boiling-points.” 


November 22nd, 1895. 
Captain Annry, President, in the Chair, 


This was a Special Meeting. The following resolution with 
reference to the Articles of Association was passed :— 

“In Article 33 to strike out the words ‘by the payment of 

£10 in one sum,’ and in place of this to insert the words ‘ the 
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composition fee shall be for every member who shall not have 
paid ten annual subscriptions, fifteen times the amount of the 
annual subscription payable by each member; and for any 
member who shall have already paid ten or more annual sub- 
scriptions, ten times the amount of the annual subscription 
payable by such member.’” 


At the Ordinary Meeting of the same date, G. M. Crarx, W. H. 
Evererr, J. Frira, W. Larpen, R. A. Lunrerpr, and J. H. Vincent 
were elected Members of the Society. 

Dr. Jounstonz Sronry exhibited some Photographs of Spectra. 

Mr. Apprryarp made the following communications :— 

(1) “ A note on the Action of Sulphur-Vapour on Copper ; ” 

(2) “A Direct-reading Platinum Thermometer ; ” 

(8) “An Historical Note on Resistance and its Change with 
Temperature.” 


——--—___- 


December 13th, 1895. 
Prof. Rernotp, Vice-President, in the Chair. 


The Resolution of the Special General Meeting held on November 
22nd, 1895, was confirmed. 

H. G. Bert, G. W. Cosnam, E. D. Friptanper, L. G. Ryzanps, 
and R, C. Starer were elected Members of the Society. 

Dr. Joun Snietps made a communication on “A Mechanical 
Device for performing the Temperature Corrections of Barometers.” 

Prof. Rickrr communicated a paper ‘On the Existence of 
Vertical Earth-Air Electric Currents in the United Kingdom.” 


es 


January 24th, 1896. 
Captain Anyry, President, in the Chair. 


H. R. J. Bursratn, W. Cassiz, and H. 8. 8S. Harvey were elected 
Members of the Society. 

Mr. Camesett Swinton exhibited some Photographs taken by 
Prof. Réntgen’s Method. 

Mr. E. Scorr exhibited and explained some Geometrical Instru- 
ments invented by himself and Signor Mowricoxo. 

Prof, J. D. Evererr communicated a paper ‘“ On Resultant Tones,’ 
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Annual General Meeting. 
February 14th, 1896. 


Captain Anyery, President, in the Chair. 


The following Report of the Council was read by the Chairman : — 


Since the last General Meeting of this Society, though no great 
change has been set on foot, the Members of the Society have had 
fuller opportunities for forming an opinion of those which were 
instituted in January 1895 than they possessed Jast February. 

The monthly issue of ‘ Abstracts’ and of ‘ Papers’ in one cover 
has proceeded steadily for fourteen months, During the first 
twelve months 791 Abstracts have been made and printed, and the 
whole furnished with a Name Index, a Classified Index, anda 
General Index, all of the most copious and complete character. 

Members are therefore amply able to judge of the advantages of 
this important step, and the Council believes that any movement 
in a contrary direction would now be viewed by the Members, 
individually and collectively, with very great regret. 

The Council, therefore, takes this occasion to emphasize the fact 
that much additional outlay necessarily attends the publication of 
these Abstracts, and that the scale of payments hitherto in use is 
altogether inadequate to mect the expense. 

The Society, at a Special Meeting held on November 22nd, 1895, 
has already raised the Composition Fee by 50 per cent. In any case, 
this was a matter that required adjustment, on account of the low 
rate of interest of appropriate securities at the present time. 

But it is the intention of this Council to strongly recommend 
to their successors in office the introduction of much more far- 
reaching measures, the details of which have occupied much attention 
during the past year, and the chief features of which have already 
been presented to the Members of the Society in a circular letter. 
The Council commends this letter to thé serious consideration of 
every Member. 

Since the last General Meeting there have taken place fourteen 
ordinary business meetings, all (with one exception) held in the 
usual way at the rooms of the Chemical Society, Burlington House. 

The Members of the Society now number about 420, 

- Among the deaths which have taken place in the ranks of the 
Society are those of Mr. T. H. Huxley and Mr. J. E. Gillett. 
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The following additions have been made to the ibrany: during 
the past year :— 


_ Newspapers and Magazines :— 


Nature. 

The Electrical Review. 

The Electrician, 

Electrical Plant. 
Engineering. 

The Philosophical Magazine. 
Wiedemann’s Annalen. 
Beibliitter. 

Journal de Physique. 


Journals of Societies, British :— 

Journal of the Society of Arts. 

Proceedings of the Birmingham Pricer cal Society. 

Transactions and Proceedings of the Cambridge Philosophical 
Society. 

Transactions and Proceedings of the Royal Dublin Society. 

Journal of the Institute of Electrical Engineers. 

Memoirs and Proceedings of the Manchester Literary and 
Philosophical Society. 

Proceedings of the Institute of Mechanical Engineers, 

Quarterly Journal of the Royal Meteorological Society. 

Proceedings of the Royal Institution. 

Proceedings of the Royal Society. 

Proceedings of the Edinburgh Mathematical Society. 

Journal of the Camera Club. 

Proceedings of the London Mathematical Society. 

Monthly Notices of the Royal Astronomical Society. 


Journals of Societies, Colonial :— 
Journal and Proceedings of the Royal Society of New South 
Wales. 
Geological and Natural History Survey of Canada. 
Hong Kong Observatory Observations. 


Journals of Societies, Foreign :— 
Proceedings of the Academy of Natural Sciences, Philadelphia. 
Journal of the Physico-Chemical Society of Russia, aa 
Verhandlungen, Berlin Physical Society. 
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Mémoires and Séances of the Physical Society of France. 

Journal of the College of Science of Japan. 

Transactions of the Seismological Society, Japan. 

Séances and Bulletin of the International Academy of Sciences 
of Cracow. 

Report of the Ohio Meteorological Bureau. 

Report of the Ohio Weather and Crop Service. 

Prace Matematyczno-Fizyczne, Warsaw. 


Books, &¢.:— 


(Euvres de Laplace, Tome xi. 
Stanley’s Nebular Theory. 


Tar Right Hon. THomas Henry Hoxtey, Professor of Biology 
and Dean of the Royal College of Science, London. Born at 
Ealing, Middlesex, May 4th, 1825; died at Eastbourne, Sussex, 
June 29th, 1895, in his 71st year; buried at the Cemetery of 
St. Peter’s Marylebone, East Finchley. 

As a man of science Huxley will best be remembered as the 
Champion of the doctrine of Evolution, under whose influence that 
permeated all branches of science not wholly mathematical, and 
revolutionized thought, and as having introduced rational methods 
into the teaching of Biology. 

Huxley early desired to become an engineer, and the appreciation 
of the constructive side of nature runs throughout his scientific 
work. In connection with a course of lectures delivered at the 
London Institution, and afterwards in the South Kensington 
Museum, which led up to his Manual of “ Physiography,” he 
materially extended the limitations of that term, and laid the 
foundation of a system of elementary scientific education, which 
has done as much for the popularization of physical science as of 
geology and biology. In the year 1856 he accompanied his friend 
Tyndall on his first visit to the Glaciers of the Alps, the result 
being the presentation, during the following year, to the ‘ Philo- 
sophical Transactions’ of a joint monograph in experimental 
physics, entitled “‘ On the Structure and Motion of Glaciers.” 
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Huxley was President of the Royal, Ethnological, Quekett 
Microscopical, and Geological Societies. In 1869 he was prompted 
by the writings of Lord Kelvin (then Sir W. Thomson) to address 
the latter body on the “ Limitations of Geological Time,” and he 
worked out a theory of the Zoic Period of the Earth’s History, 
which, as to periods of years, was by no means in harmony with that 
of his distinguished antagonist. It will be within the recollection 
of physicists that during the last few months of Huxley’s life, the 
work of Perry has led to the conclusion that on the physical basis 
the age of the planet has been underestimated, and that the greater 
time demanded by the paleontologists (whom Huxley represented) 
may well have elapsed. 

Huxley was a Hunterian Professor of Comparative Anatomy at 
the Royal College of Surgeons, a Fullerian Professor of Physiology 
at the Royal Institution, a President of the British Association, a 
Rede Lecturer at Cambridge, and a Romanes Lecturer at Oxford. 
In 1870 he was elected a Member of the London School Board, and 
he served on several Royal Commissions. In 1892 he was made a 
Privy Councillor, having previously refused Knighthood. He was 
a Corresponding Member of the Institute of France, and a Riddare 
of the Pole Star of Sweden, and he was the recipient of Diplomas, 
Medals, and Hon. Fellowships of numerous Universities, Institutes, 


and Academies. 


The adoption of the Report was proposed and passed unani- 


mously. 
The election of Officers and other Members of Council then took 


place, the new Council being constituted as follows :— 
President.—Capt. W. pe W. Asney, R.E., C.B., D.C.L., F.R.S. 


Vice-Presidents who have filled the Office of President.—Dr. J. H. 
Grapstonr, F.R.S.; Prof. G.C. Fosrmr, F.R.S.; Prof. W. G. Apams, 
M.A., F.R.S.; Lord Kutvin, D.C.L., LL.D., F.R.S.; Prof. R. 
B. Currron, M.A., F.R.S.; Prof. A. W. Rernorp, M.A., F.R.S. ; 
Prof. W. E. Ayrton, F.R.S.; Prof. G. F. Firzerraup, M.A, 


F.B.S.; Prof. A. W. Ricker, M.A., F.RB.S. 
b 


— 
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Vice- Presidents. —Suetrorp Biowett, M.A., LL.B., F.R.S.; Major- 
General E. R. Festive, R.E., F.R.S.; Prof. J. Perry, D.Sc., F.B.S. ; 
G. Jounstone Sronry, M.A., F.R.S. 


Secretaries.—T. H. Buaxestny, M.A., M.Inst.C.E.; H. M. Exper, 
M.A. 


Treasurer.—Dr. KE. Arkinson. 
Demonstrator and Librarian.—C. Vernon Boys, F.R.S. 


Other Members of Cowncitl—Watrer Baity, M.A.; C. V. Burton, 
D.Sc. ; L. Frercuer, M.A., F.R.S.; R. T. Guazzprooxr, M.A., F.RS. ; 
Prof. A. Gpay, M.A.; G. Grirrire, M.A.; Prof. G. M. Mincarn, 
M.A.; Prof. W. Ramsay, Ph.D., F.R.S.; Prof. 8. P. Taompson, D.Sc., 
F.R.S.; Prof. 8. Youne, D.Sc., F-R.S. 


Votes of thanks were passed to the Chemical Society; to the 
Orricrrs; and to the Auprrors. 


‘AMOOO “M CVUNOO 


eG { ‘SCUVMNI CUVHOTY 


‘valnsvalyT, ‘NOSNIMLY ANOWCH 


L 11 glory 
Faiek SoG nae Vere cine cones oe ER Ta Pong Seeds ont cone et 
l 618 

Eee en | Seen esttaticorihtte et a hehe eeniat Pocteny er 

5 pie ieee teas aan 

Z ; sereereeresee ose: ConsoMeT “LIAL 


—ryseg 40g 


0 @ @ age[q swe Jo yuay 
OOS OR Bay, 
iQ ait, ag aciecnecbreee poses ages. Eo pO Sosae0 asc “ Sumiodey 
7 i eouepaoiyy 
008 puny 1o1sroaery 
PGE SesIvyo yUvg puvs sonboyO 
L 61 96 ora. sere 


Ssurpuig 
* s[eorpormeg 


MOG ere eN ag sista HaGat Soe Seley yada Meneses swovieneetee tare s10jows\8qy 
sine qsep Ayog 
ageahicn loupe 


F cpicoainng Eh in saqnc nope enpceosaemDancr esos aomoanGAubeces sqowaysqy 
rae as ssurpso001g 


** SNOOUL[[IDST PL 
Pre ee eee ee eee ee eee errr serdog oqeredag 

— spur pue s0pkez, 

Fy I9INSvIIT, O44 04 pred couvleg -gEg] ‘T ‘uee 

“p °8 ed “p 8 & 0) 


co) 
ica) 
eal 


=e 


L 1 Stolg 


OOT 


Lh 


10g 


ooooo 


Sor O71: 


“9681 ‘T Aunnegay 


‘squn0do8 pu ‘syOOd ‘sloyONOA OT} TILA seAse 0} puNo} pur pourmExy 


IOINSVOTT, OY} OF ONP couspeg 
niets{uialern ec clstais weraistninicimeomitestsialee Genin qunoooy esuodsng ‘romeuog 


*-- g1BB AA Jap uv Adoo T 
sfouvay pue roy cey, 


—! seyeg 


5 AS a eat tee | MOOBIOORS Ys ysiqiag 9yy WOJy FURL 


BpaSpietG: 


nee eeee . 9681 “ 

” S68T fi 
FE-IGST IoF suorydraosqng 
“ suoqisoduog ayiry 
seerven 8907 -o0URIqU AT 
Bcaateat mreeeeceevres TUBE OU4 UL OOURTET “egg ‘T -uep 
g Be 


"C681 “ISTE AaaNGON, OF “PERT “Is, AUVANVE WoUd ‘ALUIOOG TVOISAN HHL HLA LNQOOOY NI UTUOSVTU, THY, 


‘HHO00 “M GVANOO 


*suoqupn {. 
ae SCUVMNI CUVHOID 


"9681 ‘T Auonsqay 


“EG8T 1940}9O AOJ pUEpTAIp 4SV] OG} poAtoooa ATNP oavy stoyuUKG ey, “WoAars st 


9}BOF19109 OM YOO} -quso zed $e sopeAA YJNoG MON OY} OT 


“Wadnsna4T ‘NOSNIMLY ANOWUN 


OL ST ceoaF 

2 Or ee ee Be eee aiiaropmeert 
ii 2 ey i, Wea Ae Rey eee 2 eed 
i) Ge oe SE Ae, Septet ent aa A a at et 
QO) ek eee eres ec as vooaeay 
& jos oe ee eee Presses pon an coneodered 
0 0 0@ ete poconee oe passa qunoooy esuedsng ‘uoneuog 
007 0 Cop sees eee "oes gouBApR UT QERT aoy suOT|draosqng 
ee 


“SALLVILAVIT 


SSE 


OL GI gsocF 


6 I 
Gy L 
8 9 
0 0 
0 0 
0 0 
0 0 
p * 


'O1z Goer Pm wee ce eres resco nerevevereoe yuegq om} ur eourpeg 


BEG cr crerter see cflenssssascreeetaretimeatiedeeneee loaner 
poquosuy “yu00 sad $¢ saTVA\ YINOY MON “PG “8G HOST 


Weramuseeletiieee Yooig “yueo zed ¢ uoryetod109 soysvouey OEP 
LIZ Ig ‘yuso sod $g sy10 MA Jo prvog uvqtpodomoyy QOSF 
| Were * Yooqg eoussejorg -queo aed % pUurLpIT OOOTF 
9GP eck be ae yo0Ig 9injzueqod “qU90 zed TP ssoudn OOFF 


61 ee a) Seow aroereasee pezeutyse ‘anp saoydraosqng 


“SLUSSY 


"COST “TE wansomg “KLAIOOS TVOISAHd AHL JO LNNOOOV ALUMAOUd 


‘q0oLI00 PUNOJ PUB POUIUIBXE soTyLINIEg 


INDEX. 


ee ee 
Os Page 
Ackroyd, —, and Knowles, —, note on permeability to Rontgen 

HOY oon ape Wie BO gGe CODOne eons On OSame Sete oO an SG 179 
PNG OMELOULMONSIICO=TUlO, | says aucnecererakeposeds, cinvegw cit oes «+ ote lnsemecsoees 8 

to the Wheatstone bridge for the determination of low re- 

SS TR Omen, ae aeis Copa Bch) Sib Sagan si ashe satin a aed etes .. 166 
Aagastment of the Kelvin bridgé i... 0005 is nine ae esis cin nes 248 
PaMNCLANCe AUAUTIPCCANCO LOC 5 sme nes no mies oie sine anise nereise 327 
Alternate-current arc, an analytical study of the ..............4. 115 

, the effect of wave-form on the .............s0cceeees 245 
Alternating currents, on the measurement of very large and very 

Sell ed audcadaes odu AGRO esa COU SN COO OON GDS ZENm0 500 DIDS 279 

or pulsating electric currents, on new instruments for the 

direct measurement of the frequency of ...........0....000e 267 
Analytical study of the alternate-current arc .........eee eee eee 115 
Appleyard, Rollo, on a “direct-reading” platinum thermometer .. 74 
——., on adjustment of the Kelvin bridge ........eeeeeee eee ees 248 

PEOUBCTC LOCUS tee edi sicleuensy carson o exes evel aie e's the ole te Aouelvora ene 255 
Arbitrary functions, on the development of ..........eeeeeeeees 1 

B. 
Bare wire for resistance-coils, on the use of ..............00e eee 286 
Bedell, F., on admittance and impedance loci .............eseee 327 
Benzene, on the latent heat of evaporation of ........ eee eee e eee 16 
Burstall, F. W., on the use of bare wire for resistance-coils ...... 286 
Cc. 
Campbell, Albert, on new instruments for the direct measurement 

of the frequency of alternating or pulsating electric currents .. 267 

—, on the measurement of very large and very small alternating 

SIUC RT cB Cet Oa Ra Ce Oa RC a Se ROP Ere 279 
Current arc, an analytical dy, On bheyaltermeating isco. sare serie 116 
Cylindrical coil, the magnetic field of any .........+. esses eeenes 103 


VOL. XIV. Z 


t 


838 INDEX. 


Griffiths, E. H., and Marshall, Dorothy, on the latent heat of 
evaporation of benzene 


0 Oe Oe ee (gi 6 faces is v's @ P20 8 io) ale fete ieee) a We En Piel 


D. Page 
Determination of high temperatures with the meldometer ........ 105 
of low resistances, an addition to the Wheatstone bridge for the 166 
Development of arbitrary functions, on the ......... sree ee eeeee i 
Dielectrics, OW oi. aiec as oe tre acs ale » erate obmito otetieNe hea Vel te ICE Ttarte eee 255 
Direct measurement of the frequency of alternating or pulsating 
electric currents, on new instruments for the ............++-- 267 
“ Direct-reading ” platinum thermometer, on @ .......-4+ essere 74. 
i. 
~ Farth-air electric currents in the United Kingdom, on the existence 
OL VOUGLCB Scores aig 2 30.0.6 4 taelene’s 'o gence stat setae ieieratecs ener onan 85 
Edison effect in glow-lamps, further examination of the .......... (187 
Effect of wave-form on the alternate-current arc ..........-++++- 245 
Hlectric arc; on .theresistance Of the) a0) a.) ei eeneielse)tskelreeneinene 307 
charges, on the theory of moving electrons and ............ 85 
currents, on the existence of vertical earth-air .............. 85 
Electro-magnetic theory of moving charges, on the ............-. 180 
Electrons and electric charges, on the theory of moving .......... 303 
Eumorfopoulos, N., and Ramsay, W., on the determination of high 
temperatures with the meldometer 2... 2... .-seom spies 105 
Evaporation of benzene, the latent heat of ................0+.00- 16 
of different liquids at their boiling-points, a method of com- 
paring directly the heats Of\.; . ois. oe cosa = chem ae ae 57 
iiverett,J. :, on resultant tones. 2... +. cn coe © eietae nets ements 93 
Everett, W. H., on the magnetic field of any cylindrical coil ...... 103 
Experinients with incandescent lamps .............+-..+++eeee 164 
——— with Rontgenrays, On some 2. ...-..ees.s es ne ce nes .. 272 
F. 
Fleming, J. A., on a further examination of the Edison effect in 
Plow lamps 06 dhe vipa sec eaiaiace «fee aA ¥ ieee eee 187 
, and Petavel, J. E., on an analytical study of the alternating- 
CUNTONE ATC’ 5s cisic sie. 0/7 Sous jeaslsistolegers ioleherksl caer ee ee ene 115 
Frequency of alternating or pulsating electric currents, on new 
instruments for the direct measurement of the .............. 267 
Frith, Julius, on the effect of wave-form on the alternate-current 
CNG Eaton niin ao omnno arn wom Gono o ooo Gomme omO EC og note 245 
, and Rodgers, C., on the resistance of the electric arc ........ 807 
Further examination of the Edison effect in glow-lamps .......... 187 
G. 
Geometrical instruments, on some’). t.ho. cocoa. Sena ; 114 
Glow-lamps, further examination of the Edison effect in .......... 187 


INDEX, 339 
He. 
ee Page 
eats of evaporation of different liquids at their boiling- points, a 
method of comparing directly the 0.0... .cceccecceceseese 57 


High temperatures with the meldometer, on the determination of .. 105 


eh OS eh eis, oath EARN POM L a, Toa ARG 1 
I. 
Impedance and admittance loci ............. cece ececcesaveses 327 
Incandescent lamps, experiments with.............cecsecseeeees 164 
Instruments, on some geometrical ......... 0. ccc cc ececeecues 114 
Je 
Jones, J. V., on the magnetic field due to an elliptical current at a 
Pome is plane Within I sis cc ae neh cca sca’ wae eR ORE 250 
Ke 
REC M IRV Metre eee i etan vc hess se Same ow om as oe ene oeeene 178 
Kelvin bridge, on the adjustment of the ......... 0... ec ceee evens 243 


Knowles, —, and Ackroyd, —, on permeability to Réntgen rays.... 179 


L. 
Lamps, experiments with incandescent .........s.seeeeseeeeeee 164 
Lanchester, F'. W., on the radial cursor: anew addition to the slide- 
FSG): — oie Stee ice GetecnO RONG RCI ETRE] CON ER COR MC I ean ore 8 
Larmor, J., on the theory of moving electrons and electric charges. . 303 
etent heat of evaporation of benzene .......+.2--s5seescs eee 16 
Liquids at their boiling-points, a method of comparing directly the 
heats of evaporation of different ...........c0essenceseuees 57 
Low resistances, an addition to the Wheatstone bridge for the 
Ftisvai TNE NOOO apes nerdto GeO OU OOA DIO Comm ho oonit0.0.0.0.6 166 
M. 
Magnetic field of any cylindrical coil, on the ............eesseeee 108 
-— due to an elliptical current at a point in its plane 
SULAINGLAU Gree >, cee ENDING O IE ao DONO ay Moats 0 cCicon O.610'D 250 
Marshall, Dorothy, and Griffiths, E. H., on the latent heat of evapora- 
bon GF NSNASISy Boe neu poo MBO CD Oca Down oO Banco uds Sing 16 
——, and Ramsay, W., on a method of comparing directly the heats 
of evaporation of different liquids at their boiling-points ...... 57 
Measurement of very large and very small alternating currents .... 279 


Meldometer, on the determination of high temperatures with the .. 105 


340 INDEX. 


Page 
Method of comparing directly the heats of evaporation of different 
liquids at their boiling-points ........ cee e ee etree eee eee 57 
Monticvlo, Signor, on some geometrical instruments ............ 114 
Morton, W. B., notes on the electro-magnetic theory of moving 
CHALOGS ah ts sfoiecsisastetetoardre easiehe eleke ae y eens octal os) + tenet bee em este 180 
Moving electrons and electric charges, theory of ...........+.... 3038 
N. 
iINewaaddition to: the slide-rule 227. « v1. aieitere ietotee tele ere eee 8 
instruments for the direct measurement of the frequency of 
alternating or pulsating electric currents ........ .....+-005- 267 
Note on permeability to Réntgen rays ....... ec cece eee ee eee 179 
Notes on the electro-magnetic theory of moving charges .......... 180 
18 
Permeability to Rontgen rays, note ON. ..s. sees see esse reeves 179 
Perry, John, and Hunt, H. F., on the development of arbitrary 
UAT CLLOIS % tledejase ils Sano evils, eonilerapteko! actos hate ase eel yets ayer ee ee 1 
Petavel, J. E., and Fleming, J. A., on an analytical study of the 
alternating -Current/are A.ranie caer mia. ciciaec ee Celie eee 115 
Platinum thermometer, on a “ direct-reading” ................4. 74 
Pulsating electric currents, on new instruments for the direct mea- 
surement of the frequency of alternating or ................ 267 
Bulupe terry on kathode rays) dem acctes o> eile 2 delist eeenen 178 
R. ! 
Radial cursor: a new addition to the slide-rule ................4- 8 
Ramsay, W., and Eumorfopoulos, N., on the determination of high 
femperaturesswithsthe mel dometer a: 6. eli eer tie eee 105 


——,and Marshall, Dorothy, on a method of comparing directly 
the heats of evaporation of different liquids at their boiling- 


MVOUIES So cgoyes cca faiosv iojs0d.oks pyelis-wbe apne, Vel duceaisss else eet tee 2a, 20G 
Rays, note on permeability to Rontgen ..........0+.0sseceveeee 179 
BOUL AEDOGS b «aihajays. Ae v0. 6. arors ny ham. Sieee Gai miter alee Oe 178 

Reeves, J. H., on an addition to the Wheatstone bridge for the deter- 
minariony of low, resistances am lems ceeeies nie 3 Noire 166 
Resistance of the electric arc mon them. cen cence niet seer ee 307 
Resistance-coils, on the use of bare wire for .........0..e.e0000, 286 
Resultantitones, Om dei ete aun stehoeremreeal eae eri Ce eee 93 
Rodgers, C., and Frith, J., on the resistance of the electric arc .... 307 
Rontgen rays, note on permeability to 5.4.5.0... 0.00 Tae 2 179 
, ON SOME Sx Perimionts  witlipaaes eeetenseree ie heat rae 272 


Riicker, A. W., on the existence of vertical earth-air electric currents 
in the United Kingdom: «5:5. Vaan kee eee 85 


INDEX. 84) 


S. 
: Page 
Salomons, Sir D., on experiments with incandescent lampSsioee eae 164 
Scott, E., and Monticolo, Signor, on some geometrical instruments . 114 
Study of the alternating-current arc, an analytical .............. 115 
AN 
Theory of moving charges, notes on the electro-magnetic ........ 180 
-——— of moving electrons and electric charges ...........2.00005 303 
Thermometer, on a “ direct-reading ” platinum .................- 74 
Thompson, 8. P., on some experiments with Rontgen rays ........ 272 
PRoe MONS OSU AT Lavaca aio. cain cl/a.s seine da eye se oe aici eoeG, Staaten 93 
U. 
Use of bare wire for resistance-coils, on the GEER Ole 6 cF0 oF 286 
V. 
Vertical earth-air electric currents in the United Kingdom, on the 
GEORGIE OF Gwin Rhee iG a Reena ante Mace IO ebiocnD ab 670" Ble 85 
W. 
Wave-form on the alternate-current arc, effect of ........ Scoteaecten 245 
Wheatstone bridge for the determination of low resistances, an addi- 
PsP OUIML MULL O Mmm curse y on tnicicitrsucdst aageret neces, sai aienceelsaianeit ou eee TS 166 
Wire for resistance-coils, on the use of bare....... 6.0... ee eee eee 286 


Printed by TAYLOR and FRANCIS, Red Lion Court, Fleet Street. 


SSS 


7. 


. 
4 
oe ae 
ee 
oe . 
= 
. 
Pad 
, 
. > 
4 


=o epee _ 
, een hee a “ie : 
aa wel ta © DeTtMIOSS OF) GaP fees a 


WiOag It S - 


fo) j 2 3 4 5 G 7 8 
AMPERES. 


Mintern Bros: lith . 


GLOW LAMP IN SERIES WITH BACK E.M.F. 


Proce Flys See vlna Len 


I6¢ 
\ 
\ 
\ 
\ 
\y 
! : = Le 
1 
\ \ 
N 
\ 
\ 
14 \ \ 
WX 
\ \ 
iN Ske 
\ oo 
13 \ Vax 
Nn ay + 
\ ne 

: \ v 
Oo \ Se 
= \ \ 

2 Ne cA 
oer NS 
69) \ es 
Z eS 
.. WM s S 
Sena Sa eo ee 

e 

K 
10 S 
SS 


RESISTANCE 


04 Fp ee AMES 


! 
— 
a5 


CARBO 


+limmu-8mim. 


rt CORED 
+ CORED 
+ SOLID 
+ SOLID 


t 18umnSOUID- SmenSOLiID.47V. 


Mintern Bros. hth 


Proce Phys. Soc. Vol.14. PUI. 


OHMS 


fo 


Fig. 


ae 


(=) 


soo APOSTLE CARBONS +IfMM nm 


----- CARRE |CARBO 


|----—= BRUSH canoe ates 


S+ limmMrpSmm. 
=i 


RESISTANCE 


+ COREDE CORED. 


* CORED; SOLID. 
t SOLID p CORED. 


Mintern Bros. lth 


k SOLID+SOLID. 


+18umu SOLID-S™ 


Frtilum HOLLOW - 


mM SOLID}. 
&8um SO 


OHMS 


JN ARC 


THE 


OF 
° 


Proc. Phys .o0c.Vol. 14, PL Ill. 


Figs. 


VOLTS 


RESISTANCE 


p------------| APOSTLE CARBONS4IImm-Qmn. 


+ 


—-7;--7 BRUSH CARBONS+ I] tm-9mm, 


----—-- CARRE CARBONS + |Iqu-8 un, 
Alt CORE|D.- CORED. 10a. 
R COREIN—- QoIlilin iitna 


